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ABSTRACT 
 
CaCO3 CRYSTALLIZATION INFLUENCED BY 
ADDITIVES AND TEMPLATES 
 
by 
 
Qiaona Hu 
 
 
 
Chair: Udo Becker 
 
Carbonate mineralization is a crucial topic for underground CO2 storage and is 
instrumental for understanding the fundamental thermodynamics of crystallization.  This 
thesis studies both the nucleation process and the development of polymorphs and 
morphologies of calcium carbonate (CaCO3) precipitates in the presence of ammonium 
and on self-assembled monolayers (SAMs), in order to gain insight into how additives 
and templates control the mineralization. 
Three polymorphs of CaCO3 exist, and calcite is the most stable one while 
vaterite is the least stable one.  However, if ammonium is present in the growth solution 
and its concentration is higher than a certain threshold (0.02 mol/L in this study), the 
formation of vaterite is strongly promoted and the vaterite crystals can be stabilized for as 
long as one month.  Fourier transform spectroscopy (FTIR) studies further suggest that on 
xii 
 
ammonium is incorporated into vaterite but not into calcite, implying that ammonium 
may serve as growth inhibitor of calcite.  A semi-quantitative calculation based on 
experimental analysis demonstrates that the substitution of ammonium into vaterite 
structure is up to about 0.1 wt%.   
The vaterite grains induced by ammonium are polycrystals, displaying a 
hexagonal layered morphology.  The study of the development of this type of vaterite 
demonstrates that vaterite has a different growth mechanism than calcite.  The growth of 
calcite is a layer-by-layer mechanism, governed by the addition of a single calcium and 
carbonate ions on kink sites along the growth step.  However, vaterite development lacks 
this organized molecular attachment scheme.  Instead, it proceeds by the aggregation of 
nano-clusters of a couple of nanometers.  In the early stage of development, nano-clusters 
arrange together with random crystallographic orientations.  This polycrystalline structure 
possesses a higher resistance to ionizing irradiation than calcite single crystals that tend 
to suffer radiation damage.  As crystallization continues, the nano-clusters adjust their 
relative crystallographic orientations and align with each other into a more parallel 
arrangement. 
The thermodynamic and kinetic barriers of calcite nucleation were evaluated on 
two types of SAMs, monolayers of 16-mercaptohexadecanoic acid (MHA) and 11-
mercaptoundecanoic acid (MUA).  In addition, whether the nucleation occurs via 
amorphous precursors during templating was analyzed.  The experimental results reveal 
that (1) MHA and MUA both significantly reduce the effective surface energy of calcite 
from about 97 mJ/m2 in solution to about 80 mJ/m2 on both MHA and MUA, 
demonstrating that the preferred (012) and (013) orientations of calcite are caused by a 
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kinetic preference; and (2) at solute activities below the solubility limit of amorphous 
calcium carbonate, calcite forms directly without using ACC as a precursor.
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CHAPTER ONE 
INTRODUCTION 
 
The motivation for the topic of this thesis stems from the importance to 
understand the relationships between the carbon cycle, biomolecular environments, and 
the climate of the Earth.  Carbonate minerals represent the largest carbon reservoir and 
the most reactive biochemical deposits on the Earth’s surface.  Carbonate formation in 
the ocean, facilitated by marine organisms, influences geochemical processes in many 
aspects [1].  More importantly, in the threat of global warming, geological CO2 
sequestration becomes increasingly important as a potential method to reduce CO2 
emission.  The transformation from CO2 to stable carbonate minerals in deep aquifers is 
significant to geological CO2 sequestration in the long term [2, 3].  Among the 
carbonates, calcium carbonate (CaCO3) is the most abundant and widespread mineral, 
strongly associated with organic materials [4, 5].  CaCO3 also has wide applications in 
industries such as cement, paper-making, and oil-field drilling fluids [6, 7].  For both 
biomineralization and industrial applications, the polymorphism and morphology of 
CaCO3 are significant properties, which decide many other physicochemical properties 
such as thermodynamic stability, density, shape, mechanical strength, and solubility [8].  
Elucidating the factors that promote certain polymorphs and morphologies, as well as 
their growth mechanism and structural characteristics will expand our knowledge on the 
mechanism of biomineralization and may improve the engineering applications of
2 
 
vaterite as an industrial material [5, 9]. 
There are three major polymorphs of CaCO3, calcite, aragonite, and vaterite.  
Calcite is the thermodynamically most stable phase at ambient conditions.  However, 
vaterite, the least stable polymorph, can be induced and stabilized under certain 
conditions.  In nature, vaterite has been found strongly correlated with biogenic activities.  
Its occurrences have been documented in fresh-water cultured pearls from mussels [10], 
organic tissues like gallstones, or human heart valves [11, 12].  Under laboratory 
conditions, vaterite can be produced in highly supersaturated Ca2+-CO32--containing 
solutions [8, 13-17] or in the presence of certain organic additives and organic templates 
[18-26].   
However, little attention has been paid to the role of inorganic molecules that may 
occur in solution in controlling polymorphism and morphologies.  One example for such 
a process is the focus of Chapter two.  The function of ammonium on polymorph 
selection of CaCO3 and the role of different reaction vessel materials on CaCO3 
polymorph promotion have been investigated.  Ammonia is a common inorganic 
molecule both in experimental setups under laboratory conditions and in natural 
environments, such as in soils with extensive protein decomposition and sewage 
treatment plants that nitrifying bacteria frequently associate with [27].  A traditional 
method of slowly diffusing NH3 gas into Ca2+- and CO32--containing solution is used to 
increase pH, resulting in the exclusive growth of calcite crystals of large size [28].  The 
general principle is that the diffused NH3 increases the pH of the solution, thus increasing 
the carbonate concentration, and CaCO3 precipitates when reaching supersaturation [29].  
Very few studies describe that the ammonium in gas-diffusion experiments may play a 
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significant role in selecting CaCO3 polymorphs, e.g., by promoting vaterite formation, 
even in the absence of organic molecules [30].  Even in these few studies, it was not 
discussed to what degree ammonium is incorporated in the vaterite crystals and what role 
the concentration of ammonium plays.  In Chapter two, the potential of ammonium for 
inducing vaterite formation, and the role of different reaction vessel materials on CaCO3 
polymorph promotion are being investigated. 
Vaterite produced under various experimental conditions render different 
characteristics for vaterite crystallization, such as growth kinetics and crystal stability, 
among which the morphology may be the most uncertain one because it displays a great 
deal of variety.  The most intensively reported morphology is the spherical shape [31, 
32].  Many others, such as fried-egg shape, flower-like shape, and hexagonal flake shape 
are also frequently observed [20, 30, 33].  However, how these morphologies develop, 
what the texture of the resultant crystals is, and what the different shapes have in 
common remains to be addressed.  In chapter two, vaterite induced by ammonium 
possesses a special morphology that displays 6-fold and looks like a flaky flower.  In 
chapter three, the crystallographic characteristics and growth process of this type of 
vaterite are investigated. 
Besides the polymorphism, organic additives and templates also govern the 
orientation of minerals growing on them.  Researchers have long suspected that living 
organisms use special organic matrices to guide the crystallographic orientations of 
minerals, which are most easily controlled during the nucleation stage, for example, the 
cases of shells of bird eggs [34] and bones [35].  The biomaterials have biological 
functions as diverse as structural support, grinding and cutting, light harvesting, sound 
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hearing, and gravity sensing [36]. 
In recent years, biomineralization science has evolved from being collection of 
observations, into insights of mechanism such as the stereochemical relationships 
between template and mineral surface [37, 38].  Since real organic systems are extremely 
complicated, a simple model, SAMs (an organic thin film of organized amphiphilic 
molecules), is intensively used to obtain a solid understanding of how organisms control 
mineralization.  Its individual molecule has one end of alkane-thiol to adsorb to {111} 
surfaces of gold, and the other end is terminated with carboxyl, hydroxyl, or amine 
moieties which are common functional groups in organic systems.  It has been heavily 
reported that SAMs terminated by carboxylic groups favor the nucleation on non-natural 
faces [39].  
A common explanation for control over nucleation by organic templates is that 
the interfacial energies of certain nucleation faces are minimized by the template [40-43].  
However, the hypothesis that the interfacial energies of calcite are reduced by SAMs has 
not been proven by any experimental work yet.  In Chapter four, the kinetic and 
thermodynamic controls imposed by two SAM matrices on the calcite nucleation and the 
resulting phase evolution at early times in the nucleation process are studied.  
Specifically, the differences in the precipitate density, interfacial energies for odd vs. 
even carbonyl number as in 16-mercaptohexadecanoic acid (MHA) and 11-
mercaptoundecanoic acid (MUA) SAMs were analyzed. 
Since no direct measurement technique is available to determine the interfacial 
energy, we used an indirect approach to evaluate the interfacial energy by measuring 
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nucleation rates (Jn) as a function of the supersaturation (σ) [44, 45].   
The crystallization pathway controlled by organic templates is another unsolved 
topic.  It has been reported that under some biomineralization conditions, the amorphous 
calcium carbonate (ACC) forms as the precursor of other more stable phases of CaCO3 
[46-50].  It is an ongoing debate whether ACC always forms as a transition phase at the 
early stage of crystallization, or ACC only develops under certain environmental growth 
conditions, such as high Ca2+ and CO32- concentrations or high pH (i.e., high 
supersaturations), which are the most likely conditions under which ACC formation has 
been observed [8, 51, 52].  In chapter four, the range of supersaturation within which 
ACC would form on MHA and MUA was analyzed in order to detect whether there is a 
certain threshold of supersaturation of salt solution for ACC to form on SAMs. 
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CHAPTER TWO 
INFLUENCE OF AMMONIUM AND GROWTH 
SUBSTRATES ON CACO3 POLYMORPH FORMATION 
AND TRANSFORMATION 
 
ABSTRACT: CaCO3 crystals were grown by increasing the pH of Ca2+- and 
CO32--containing solutions in two ways (and, thus, supersaturating the solution with 
respect to calcium carbonate), either by diffusing ammonia gas into the solution or by 
adding 10% NaOH.  Both methods were performed in glass and plastic dishes (which, in 
some cases, served as growth substrates), the latter made of polystyrene.  Only calcite 
precipitated in both glass and plastic Petri dishes when using NaOH to increase pH.  
However, vaterite was predominantly formed if applying ammonia instead, implying an 
ability of ammonia to promote vaterite formation.  When ammonia was applied, the 
fractions of vaterite crystallized depended on the material of the growth container with 
about 60-70% in glass Petri dishes but almost 100% in plastic Petri dishes, indicating the 
role the substrate plays in selecting the CaCO3 polymorph in the presence of ammonia.  
The results of Fourier transform spectroscopy (FTIR) indicate that ammonium 
incorporates into the lattice of vaterite but not into that of calcite.  The content of 
ammonium in vaterite has been estimated in a semi-quantitative way to be about 0.1 wt%.  
The vaterite formed using this growth method is metastable and it takes more than 10 
days for vaterite to transform to calcite in a closed chamber, with or without the presence
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of ammonia gas. 
2.1. Background 
Polymorphs of calcium carbonate (CaCO3) occur widely in nature, and this 
polymorphism is of interest due to the mineral’s widespread precipitation on the Earth’s 
surface under both biological and geologic conditions [1, 2], as well as various industrial 
applications such as paper-filling and cement [3].  Among the three major polymorphs of 
CaCO3 (calcite, aragonite, and vaterite), calcite is the thermodynamically most stable 
phase at ambient conditions.  However, vaterite, the least stable polymorph, can be 
induced and stabilized under certain conditions.  In nature, vaterite has been found in the 
environment associated with organisms, such as fresh-water cultured pearls from 
mussels, organic tissues like gallstones, or human heart valves [4, 5].  In addition, vaterite 
may form as a precursor of the other polymorphs calcite and aragonite, or as a transition 
state between amorphous calcium carbonate (ACC) and the more stable polymorphs [6].  
Under laboratory conditions, vaterite can also be produced in highly supersaturated 
calcium carbonate-containing solutions or in the presence of organic matter [7]. 
Since the crystallization of vaterite is often closely related to organisms, analyzing 
vaterite formation will shed light on the mechanisms of biomineralization [1, 8].  In 
addition, because calcite and vaterite possess different thermodynamic stabilities and 
physicochemical properties, such as mechanical strength and solubility [9], they are used 
in different industrial applications.  Therefore, understanding which factors will promote 
vaterite formation and how to control the precipitation of this polymorph is important for 
understanding the thermodynamics in general and in relation to industrial processes that 
use calcium carbonate such as the paper and oil industry. 
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In the past decade, it was found that organic additives and substrates are able to 
induce less stable CaCO3 polymorphs, which may be a model for selective 
biomineralization.  Many amino acids, peptides, and even larger organic molecules have 
been reported to be capable of promoting vaterite crystallization, such as aspartic acid, 
leucine, and octadecylamine monolayers [7, 10-14].  However, the exact mechanism of 
how organic molecules induce vaterite formation is still unclear.  It may be because the 
Gibbs free energy of the formation of certain vaterite surfaces is decreased by organic 
molecules through favorable interactions of their functional groups with the atoms on the 
stabilized face of vaterite [15].  Another reason may be that the charged organic matter 
increases the rate of vaterite nucleation and growth by increasing the local 
supersaturation, thereby promoting vaterite formation according to Ostwald's rule [16]. 
However, little attention has been paid to inorganic molecules that may occur in 
solution, which is the focus of this study.  A traditional method of slowly diffusing NH3 
gas into Ca2+- and CO32-containing solution is used to increase pH, resulting in the 
exclusive growth of calcite crystals of large size [17].  The general principle is that the 
diffused NH3 increases the pH of the solution, thus increasing the carbonate 
concentration, and CaCO3 precipitates when reaching the supersaturation status [18].  
Very few studies describe that ammonia in gas-diffusion experiments may play a 
significant role in selecting CaCO3 polymorphs, e.g., by promoting vaterite formation, 
even in the absence of organic molecules [19].  Even in these few studies, it was not 
discussed to what degree ammonium is incorporated in the vaterite crystals and what role 
the concentration of ammonium plays.  In addition, the transformation process of vaterite 
to calcite in ammonia diffusion experiments has not been dealt with.  Ammonia is a 
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common inorganic molecule both in experimental setups under laboratory conditions and 
in natural environments, such as in soils with extensive protein decomposition and 
sewage treatment plants that nitrifying bacteria frequently associate with [20].  
Understanding the role of ammonia will further a more comprehensive insight into the 
process of CaCO3 formation and its kinetics.  In this study, the potential of ammonium 
for inducing vaterite formation, and the role of different reaction vessel materials on 
CaCO3 polymorph promotion have been investigated. 
2.2 Experimental procedures 
2.2.1 Crystallization experiments 
Calcium carbonates were grown in glass and plastic Petri dishes by increasing pH 
of calcium carbonate-containing solution by either diffusing ammonia gas or adding 10% 
NaOH at room temperature, named “case-NH3” and “case-NaOH”, respectively.  The salt 
solution was prepared by feeding 0.002 mol/L concentrations of NaHCO3 and 
CaCl2⋅2H2O, followed immediately by acidification using 10% HCl to a pH value of 3.6, 
at which the solution was undersaturated with respect to all the polymorphs of CaCO3 
(calculated using MINTEQ version 2.51 [21]).  The acidified solution was well mixed 
thereafter and let stand for 15 min to reach equilibrium. 
For the runs of case-NH3, three plastic and three glass Petri dishes containing 55 
mL salt solution were placed in a sealed 33-liter container with two open beakers of 20 g 
fresh NH4HCO3 powders.  The NH4HCO3 powders release ammonia gas, which then 
diffuses into the salt solution and hence gradually increases the pH of the salt solution to 
promote CaCO3 precipitation as in Eq. (2.1) and (2.2): 
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 NH4HCO3 (s)  NH3 (g) + CO2 (g) +H2O, (2.1) 
  NH3 (g)  NH3 (aq), 
 H2O + NH3 (aq)  NH4+ (aq) + OH- (aq). (2.2) 
In addition, CO2 released from ammonium bicarbonate also slowly goes into the 
solution. 
The increase of the pH of the salt solution by diffused NH3 gas was recorded (Fig. 
2.1A) and the experimental setup is shown in Figure 2.2.  In order to analyze how much 
NH3 and CO2 gas is produced over time, the weights of the beaker and its containing 
NH4HCO3 powders were measured throughout the experiments.  
For the control runs of case-NaOH, the plastic and glass Petri dishes containing 
55 mL salt solution were placed in a sealed glove box (2 m3) filled with pure N2.  Two 
open Petri dishes containing 20% NaOH were placed in the glove box for absorbing any 
CO2 that may potentially exist, which would otherwise decrease the pH of the growth 
solution.  Special attention was given to the fact that the rates of increasing the pH of the 
salt solution were the same as with the ammonia method in order to avoid potential 
kinetic differences between the two methods (Fig. 2.1B).  During the titration of 10% 
NaOH, glass rods were used to stir the salt solution in the Petri dishes to uniform the pH. 
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Figure 2.1 (A): Increase of the pH of salt solution over time in the crystallization experiments 
by the NH3 diffusion method; (B) Increase of the pH of salt solution by adding NaOH diluted 
solution.  The pH curve of the diffusion method in run 3 is plotted for comparison.  
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Figure 2.2. Schematic of the experimental setup for NH3 diffusion method 
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Both case-NH3 and case-NaOH growth experiments have been conducted three 
times each to assure the repeatability of results.  Glass and plastic Petri dishes were 
purchased from Daigger and VWR, respectively.  Prior to use, all the Petri dishes and 
beakers were soaked in 10% HCl for more than 12 hours, followed by rinsing in 
completely deionized water. 
In order to obtain a deeper understanding of the ability of ammonium to promote 
certain polymorphs, a series experiments was conducted using the NH3 diffusion method 
with various amounts of NH4HCO3 powder, named “case A”, “case B”, and “case C”.  In 
this set of experiments, we noticed that applying the NH3 diffusion method does not 
always lead to a precipitation of a high percentage of vaterite.  For example, a high 
percentage of calcite precipitates when the amount of NH4HCO3 applied is as small as a 
couple of grams, a result that is comparable to a number of studies reported in the 
literature [8, 17, 22].  This implies that ammonium is able to promote vaterite formation, 
but only if its concentration exceeds a certain threshold, which will be quantified later.  
All the other experimental settings were the same as for the NH3 diffusion method 
mentioned before, except the amount of NH4HCO3 powder.  In case A, 20 g NH4HCO3 
fresh powder were applied, in case B 10 g, and case C 5 g, resulting in different amounts 
of ammonia gas produced.  In order to measure the amount of ammonia that has escaped 
each beaker, the weights of each beaker and its containing NH4HCO3 powders were 
measured throughout the experiments.  Subsequently, the polymorphs of the matured 
precipitates were analyzed by using both optical microscopy and XRD.  Weights of 
beakers were only measured within the first 72 hours because thereafter, neither pH nor 
the precipitation changed for up to at least 13 days (after which vaterite starts 
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transforming to calcite) if the experimental conditions were not changed.  
2.2.2 Sample analysis 
Salt solutions in the Petri dishes were poured out and rinsed by ethanol.  Then the 
precipitates on the bottom of the Petri dishes were harvest using the wood end of cotton 
tips.  Optical microscopy, scanning electron microscopy (SEM, Hitachi S3200N), 
transmission electron microscopy (TEM, JEOL 2010F), and X-ray diffraction (XRD) 
were used to study the precipitated polymorphs.  The morphology and polymorphism of 
the crystals were observed by using optical microscopy in situ every two hours in the first 
10 hours and once a day after that for up to one month, and the final morphologies were 
observed using SEM.  In order to study the time of the nucleation, the crystals were 
harvested on TEM copper grids from the solution and detected by TEM every 30 minutes 
starting from the beginning until six hours later.  The grown crystals were removed 
carefully by using a clean blade and ground using mortar and pestle until the particle size 
was less than 1 µm for X-ray analysis.  X-ray powder diffraction data were collected 
using an Enraf Nonius CAD4 diffractometer with a Cu anode and an accelerating voltage 
of 25 kV over an angular range of 2θ=10–65° and a 0.02 step size with a scanning rate of 
2.0 deg/min.  The XRD data of vaterite have been refined by using the Rietveld method 
as implemented in the software packages Fullprof and WinPLOTR [23] for analyzing the 
cell parameters. 
Nitrogen weight percent determinations of both calcite and vaterite were 
performed on a Costech Elemental Analyzer ECS 4010 coupled to a Finnigan Delta V 
Plus mass spectrometer.  Acetanilide with known nitrogen weight percent of 10.36% was 
used to calibrate the runs.  Three samples of calcite and vaterite were analyzed, 
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respectively, around 4 mg each.  
The crystals for FTIR analysis were soaked in 1% HCl for ten seconds to dissolve 
the outer layers of the crystals to eliminate the adsorbed NH3 on the crystal surfaces, then 
rinsed and dried.  Unpolarized IR spectra (from 6000 to 400 cm−1) of randomly oriented 
crystals were taken using the AutoImage microscope system on the Perkin-Elmer 
Spectrum GX FTIR, with a MIR source, KBr beam splitter, and liquid nitrogen cooled 
MCT detector for 32 scans.  Although no effort was made to orient the crystals, the 
measured sections were roughly (001) surfaces for vaterite due to its natural crystal habit.  
35 spectra were taken for both calcite and vaterite each. 
2.3 Results 
2.3.1 Polymorphic composition 
2.3.1.1 Case-NH3 and case-NaOH 
The courses of the pH of the salt solutions by diffusing NH3 and by adding 1% 
NaOH are shown in Figure 2.1.  Only 0.067 ml NaOH in total was used to increase the 
pH of each Petri dish solution to 9.6, which is much less than the total volume of the 
solution in each Petri dish (55 ml).  Thus, the solution dilution resulting from the extra 
volume of NaOH is negligible.  Figure 2.1 indicates that within one hour, the growth 
solution became supersaturated with respect to calcite, aragonite, and vaterite, who, for 
the given Ca2+ and total C concentrations, reach saturation at pH 7.50, 7.64, and 8.06, 
respectively.  The maximum pH value, around 9.6, was reached within one hour and did 
not change afterwards.  Optical microscopy revealed that it took about seven hours for 
crystals to appear. 
19 
 
In case-NaOH, regardless of the material of the Petri dishes, the crystals 
precipitating from solution were pure calcite as observed by optical microscopy and SEM 
analysis (Fig. 2.3 A), as well as corresponding XRD patterns (Fig. 2.4).  In case-NH3, 
however, under the same experimental condition, vaterite formed predominantly, 
especially in plastic Petri dishes (Table 2.1; Fig. 2.3 and 2.4). 
2.3.1.2 Polymorph ratios as a function of different ammonium bicarbonate amounts 
The production speed of NH3 gas increased with the applied amount of NH4HCO3 
powder.  The final pH is always the same, around 9.6, regardless of the varying amount 
of NH4HCO3 powder applied.  The amount of NH3 evaporating over time can be obtained 
by the weight reductions of the NH4HCO3.  Exposed to air, NH4HCO3 decomposes into 
H2O, CO2, and NH3, causing a decrease in weight after the gas phase of CO2 and NH3 
leave.  The amounts of NH3 and CO2 gas dissolved in the H2O that was generated by 
decomposing NH4HCO3 powder can be ignored, since the total amount of this kind of 
H2O was very limited before CaCO3 precipitates became fully mature in this study.  
Therefore, the mole number N of NH3 produced in a given time can be obtained by Eq. 
(2.3): 
 N=∆m/(MNH3+MCO2), (2.3) 
where ∆m is the reduced mass of the beaker containing NH4HCO3 in gram in a given 
time interval.  MNH3 and MCO2 are the molar masses of NH3 and CO2, respectively. 
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Figure 2.3 Optical and SEM images of CaCO3 precipitates in different experimental 
runs.  Calcite takes on a rhombohedral shape while vaterite grains display flaky crystal 
layers with a hexagonal morphology, similar to a 6-petal flower.  (A1,A2): applying 
NaOH and glass Petri dishes, only calcite forms; (B1,B2): applying NaOH and plastic 
Petri dishes, only calcite forms; (C1,C2): applying ammonia and glass Petri dishes, both 
vaterite and calcite precipitate; (D1,D2): applying ammonia and plastic Petri dishes, 
nearly pure vaterite precipitates. 
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Figure 2.4 XRD patterns of the crystals harvested from different experimental runs, 
confirming that pure calcite precipitates if applying NaOH to increase the pH.  In 
contrast, in the presence of ammonia, both calcite and vaterite develop in glass Petri 
dishes, and nearly pure vaterite precipitates in plastic Petri dishes.  Numbers in 
parentheses indicate the Miller indices, and C and V denote calcite and vaterite, 
respectively.  
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Figure 2.5 Number of moles of NH3 gas evaporating throughout time in the runs applying NH3 to 
increase pH.  The red dots on each curve represent the time when CaCO3 crystals matured.  For case 
A, it merely took 16 hours for CaCO3 precipitates to mature, for case B, 23-26 hours, and for case C, 
53-54 hours.  When the CaCO3 crystals become matured, in case A, 1.7-1.9 10-2 mol NH3 dissolved in 
the solution, in case B 0.8 -1.0·10-2 mol, and in case C only 7.1·10-3 mol. 
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The cumulative amounts of generated NH3 in each case are illustrated in Figure 
2.5.  The curves of the two repeating runs in each case do not superpose well.  Such lack 
of agreement may be due to the slightly-different exposure areas of the NH4HCO3 
powder in the two runs.  The decomposition rate of NH4HCO3, and hence the increase of 
pH of the salt solution, increases with NH4HCO3 powder’s surface area, which is very 
difficult to keep the same in different runs. 
The red dots in each curve represent the time when the CaCO3 crystals “matured”, 
that is, the morphology and size of CaCO3 crystals not changing thereafter.  As expected, 
the evaporated NH3 increased with the amount of applied NH4HCO3.  For case A 
(applying 20 g NH4HCO3), it merely took 16 hours for CaCO3 crystals to be fully 
matured with a total amount of 1.7-1.9⋅10-2 mol NH3 produced, for case B (10g), 23-26 
hours and 0.8 to 1.0⋅10-2 mol NH3 produced, and for case C (5g), 53-54 hours and only 
7.1⋅10-3 mol NH3 produced. 
The amount of dissolved ammonia can be obtained using Henry’s law: 
 P/C=k, (2.4) 
where P is the partial pressure of NH3 in equilibrium with the salt solution, C is the 
concentration of NH3 in solution, and k is the equilibrium constant of ammonia (1.62 Pa 
m3 mol--1 at 298K and 1 atm). 
P and C can be obtained from: 
 P = nRT/V (2.5) 
 C = n’/V’ (2.6) 
 n=N-n’, (2.7)  
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where R is the universal gas constant (8.314 JK−1mol−1), T is the temperature (298 K), n 
is the number of moles of NH3 in the gas phase in the sealed container, V is the volume of 
the sealed container, 33 L, n’ is the number of moles of NH3 in the liquid phase, V’ is the 
total volume of salt solution in nine Petri dishes, and N is the total number of moles of 
evaporated ammonia.  With n'=0.938 N, 93.8% of the NH3 gas dissolves in the solution.  
Therefore, before the crystals matured, the salt solutions absorbed the most NH3 in case 
A (0.048-0.054 mol/L), and the precipitations had the highest percentage of vaterite 
(97%-100%).  Salt solutions in case B absorbed medium amounts of NH3 (0.022-0.028 
mol/L), with the precipitations of a moderate percentage of vaterite (50% for the glass 
substrate and 65% for the plastic substrate on average).  Salt solutions in case C absorbed 
the least amount of NH3 (0.02 mol/L), with precipitations of the smallest percentage of 
vaterite (5% for glass substrate and 45% for plastic substrate on average). 
2.3.2 Morphology and crystallography of the grown vaterite 
The vaterite grains in this study display a layered structure with the “leaves” or 
“petals” arranged in a 6-fold symmetry, different from the commonly-observed spherical 
morphology that has been frequently reported [24, 25].  The SEM images in high 
magnification further show that each petal, about 10-20 µm in diameter, is not a single 
crystal but composed of smaller hexagonal pieces about 1 µm in diameter (Fig. 2.6). 
The cell parameters obtained from XRD measurements show that the vaterite 
crystallizes in space group P63/mmc, with unit-cell parameters a = b = 4.1358(1) Å, c= 
8.478(1) Å.  This result is close to Kamhi’s work that states that vaterite possesses the 
P63/mmc space group with unit-cell parameters a = b = 4.13 Å, c = 8.49 Å [26]. 
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Figure 2.6 SEM images of a typical vaterite grain, showing a 6-fold symmetry and 
layered structure.  Large (≈10 µm) terraces are composed of small hexagonal sheets 
(≈1 µm).  
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2.3.3 FTIR and total nitrogen analysis results 
Total nitrogen analysis using a Costech Elemental Analyzer did not detect any 
nitrogen in either vaterite or calcite crystals, indicating the nitrogen concentrations are 
less than the detection limit of this technique which is about 1.0 wt% meaning that 
ammonium concentrations are lower than 1.3 wt% in both CaCO3 polymorphs.  
All 35 FTIR spectra of vaterite crystals have similar patterns, but the peak heights 
vary slightly from one another, which may be attributed to the different orientations of 
the crystal flakes.  FTIR spectra of calcite also show similar patterns but different 
intensities, which may be due to the various thicknesses of calcite crystals.  Since the 
outer layers of the crystals have been dissolved by diluted HCl before FTIR analyses, the 
adsorbed species (such as NH4+) which may be concentrated at the solid surfaces were 
removed.  Thus, the bands displayed in the FTIR patterns indicate the chemistry of the 
bulk crystal instead of the chemistry on the surface.  However, because vaterite is 
polycrystalline, it is possible that some ammonium is concentrated on the grain-
boundaries between the crystallites.  Spectra of both vaterite and calcite (Fig. 2.7) display 
the characteristic carbonate out-of-plane bending υ2, symmetric stretching 
υ1, asymmetric stretching υ3 and υ1+ υ3 bands at 876 cm-1, 1086 cm-1, 1438cm-1, and 
2508-2517cm-1, respectively.  The characteristic carbonate in-plane bending υ4 band 
appears in calcite FTIR patterns at 714cm-1 and 2 υ3 bands at 2877 cm-1 and 2986 cm-1.  
The specific vaterite υ4, υ1+ υ4, and 2 υ3 bands can be observed at 744 cm-1, 1837 cm-1 
and 2975 cm-1, respectively.  These results are consistent with many other studies [27-
29].  The two small peaks around 3450 cm-1 and 3590 cm-1 in the calcite spectra may be 
due to some minor impurities. 
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Figure 2.7 Typical FTIR patterns of calcite and vaterite.  The FTIR pattern of calcite only 
displays the carbonate characteristic peaks, while the pattern of vaterite also shows NH4+-
stretching bands around 3150-3400 cm-1.  The NH4-bending bands (1400 and 1430 cm-1) 
cannot be distinguished from the FTIR patterns, since they are overlaid by carbonate 
stretching bands.  
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Case In addition to the special carbonate bands of vaterite, characteristic vibration 
bands of ionic ammonium were observed in FTIR spectra of vaterite.  NH4+ peaks are 
located in two major ranges of wave numbers [27, 30], one is around 1430 to 1400 cm-1, 
corresponding to bending (υ4 ) in NH4+; and the other is around 3150-3400 cm-1, 
corresponding to a series of N-H stretching (υ1, υ3, υ2+ υ4, 2υ2) plus bending overtone 
(2υ4) in NH4+.  Unfortunately, the NH4-bending peaks overlap with strong carbonate 
stretching peaks.  Hence, only the peaks around 3150-3400 cm-1 are used to determine the 
presence of ammonium.  These peaks occur in the vaterite spectra but not in the calcite 
ones, demonstrating that there is ammonium in vaterite but not in calcite. 
2.3.4 Stability of vaterite in the presence of ammonium 
After the precipitates matured, the Petri dishes were either kept in the chamber 
filled with NH3 gas or moved to another closed chamber filled with pure N2 gas to 
eliminate the potential influence of NH3 on CaCO3 polymorph stabilities.  The vaterite in 
the solution in both environments remained stable for more than ten days without any 
transformation to calcite, which is much longer than the time reported in the literature 
(ranging from a couple of minutes to four days, depending on whether vaterite is 
synthesized from highly supersaturated Ca-CO3 solutions or by adding organic additives) 
[14, 24, 25, 31].  The duration for which vaterite was stable were somewhat different 
between the crystals grown in plastic or glass dishes.  In plastic Petri dishes, after the 
crystals matured, transformation from vaterite to calcite did not start until the 13rd day.  
About sixteen days after the vaterite matured, 10 % of vaterite had transformed to calcite, 
after 22 days 20%, and after 29 days, all carbonate was calcite.  In a glass Petri dish, 
vaterite was even more stable, in that it did not transfer at all for at least 15 days, and 
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about 20 days after the vaterite matured, 10% of it had transformed to calcite, after about 
23 days 20%, and after about 40 days 95%. 
2.4 Discussion 
2.4.1 Vaterite growth induction and stabilization by ammonia 
In order to understand the mechanism of how ammonia may influence or control 
surface and bulk stability and the resulting choice of polymorph for carbonate growth, it 
is necessary to understand the pathway on how ammonia is transported into the Petri 
dishes.  At least four steps are involved: 1) decomposition of NH4HCO3 results in the 
release of NH3 (and CO2) gas; 2) NH3 transport through air to the area of the Petri dishes; 
3) NH3 dissolution into solution at the air-liquid interface simultaneous NH3 conversion 
to NH4+ depending on the pH; and 4) NH3 and NH4+ diffusion (with possible convection) 
to the bottom of the Petri dishes where precipitation takes place.  In order for ammonia to 
promote CaCO3 precipitation, it needs to be able to reach the Petri dish bottom before 
CaCO3 matures.  In addition, since NH3 or NH4+ bond differently to minerals, the ratio 
between the two affects CaCO3 crystallization. 
The time for NH3 gas diffusing from the beaker to the Petri dishes, as well as the 
time from the surface to the bottom of the solution can be expressed by Fick’s law (Eq. 
2.8) 
 x=(Dt)1/2. (2.8) 
Here, t is the diffusion time, D is the diffusion coefficient, and x is the diffusion 
distance.  For NH3 diffusion in the gas phase, D is 2.2x10-5 m2/s at 298 K [32], and the 
distance, x, between the beakers and the Petri dishes, is 5 cm.  Hence, even without 
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convection, NH3 gas can diffuse from the beaker with NH4HCO3 powder to the solution 
in 2 minutes.  For NH3 diffusion in the liquid phase (the fourth stage), x is the height of 
solution in the Petri dishes, 5mm, and D is 1.64⋅10-9 m2/s [32].  Thus, dissolved NH3 
takes 4 hours to diffuse from the top to the bottom of the Petri dish.  The interface 
reaction for ammonia dissolution in water is assumed instantaneous here. 
Altogether, it takes NH3 less than four hours to transfer to the site of CaCO3 
crystallization by pure diffusion, and it will be much shorter if convection takes place in 
addition to diffusion.  Fig. 2.1 shows that in case-NH3, the pH value reaches a plateau in 
about 60 minutes (shorter than 4 hours); thus, convection does enhance mass transport of 
ammonia and ammonium in the solution.  Thus, the total transportation time is less than 
the time for CaCO3 crystals to appear (7 hours according to the optical-microscopy 
results in case-NH3).  Among all the experiments using the NH3 diffusion method, NH3 
gas was produced the quickest in case-A (exposure to four Petri dishes with NH4HCO3 
powder), i.e., CaCO3 takes the shortest time to form, so in the slower exposure 
experiments (cases B and C), NH3 also reaches the site of precipitation before CaCO3 
actually forms.  Therefore, a significant portion of NH3/NH4+ can potentially affect 
CaCO3 crystallization. 
The protonated form (NH4+) and free ammonia (NH3) co-exist in chemical 
equilibrium, which is determined by pH, and the equilibrium constant, Keq, as described 
in Eq. (2.9): 
 NH4+ ↔ NH3 + H+      𝐾𝑒𝑞 = [𝑁𝐻3][𝐻+][𝑁𝐻4+]   (2.9) 
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The equilibrium constant Keq for this reaction is 10-9.25 at room temperature [33], 
thereby [NH3]/[NH4+] = (10-9.25)⋅(10pH).  Using TEM analysis, no nucleation was 
observed until one hour after the pH reached the final value of 9.6.  At this pH, NH3 and 
NH4+ are in equilibrium and the [NH4+]/[NH3] ratio is 0.44 in solution, indicating that the 
amounts of NH4+ and NH3 are of the same order during nucleation and crystallization. 
In order to understand the influence of the growth methods on the selection of the 
respective polymorph, we compare addition of NaOH solution with the addition of 
ammonia to increase pH and supersaturate the solution with respect to calcium carbonate.  
There is a difference in chemistry and potentially a difference in other factors, such as 
kinetics of alkalinization.  However, in order to minimize kinetic effects, NaOH titration 
was performed in such a way that the pH increase rate was the same as with the NH3 
diffusion method.  Thus, differences in solution chemistry are only due to the presence of 
NH3.  Chemical differences caused by adding 10% NaOH can be neglected, because Na+ 
already existed in the reagent (0.002M NaHCO3), and adding 10% NaOH contributes a 
Na+ concentration increase of only 1.78⋅10-6 M.  Table 2.1 and 2.2 show that in 
experimental conditions that were the same except for the titrating agent, the precipitation 
was pure calcite when using the NaOH method, whereas substantive amounts of vaterite 
were formed when NH3 was applied.  Interestingly, aragonite, even though more 
thermodynamically than vaterite at ambient conditions, made up less than 1 % of the 
grown calcium carbonate.  This implies that the addition of ammonia plays an important 
role in inducing and stabilizing vaterite and, thus, selecting a specific carbonate 
polymorph.  Other studies have already established that soluble additives are able to 
promote certain crystals growth while inhibit the others [34-38].  Additives can influence 
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crystallization in general through two ways, either by interacting with the crystal surface 
(e.g., by blocking kink sites or by stabilizing surface steps [39, 40], or by being 
incorporated into the crystal lattice [35]).   
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Table 2.1. Polymorphic composition of precipitation in different experimental runs  
 
run type proportion % 
calcite vaterite aragonite 
NaOH glass 100 0 0 
plastic 100 0 0 
NH3 glass 30-40 60-70 0 
plastic 0-2 98-100 0 
 
* “NaOH” and “NH3” denote increasing pH through adding 10% NaOH and diffusing 
ammonia respectively.  “glass” and ”plastic” stand for applying glass Petri dish and plastic 
Petri dish respectively. 
 
 
 
 
Table 2.2 Proportion of vaterite of the precipitates due to different evaporation rates of NH3 
 
run type vaterite percentage* 
run 1 run2 
glass-1 glass-2 glass-3 plastic-1 plastic-2 plastic-3 
case A_1 100 97 97 100 100 100 
case A_2 99.9 97 100 100 99.9 100 
case B_1 70 75 80 95 98 98 
case B_2 10 50 15 60 30 10 
case C_1 5 15 1~2 60 55 55 
case C_2 5 ~0.5 5 60 15 30 
 
* the remaining percentage was calcite with very little aragonite produced. 
 
 
34 
 
In light of the results using different ammonia exposures (case A, B, and C), it 
becomes apparent that the proportion of vaterite among the precipitation increased in 
conjunction with the total dissolved N-species before CaCO3 crystals matured.  In 
addition, ammonia/ammonium was only able to induce vaterite formation when the 
concentration of dissolved N-species is sufficiently high.  In case C, when the 
accumulated N-species in the salt solution is as low as 0.02 mol/L when precipitation 
matures, calcite is the predominant phase.  This phenomenon confirms the possibility of 
the formation of pure calcite by using the NH3 diffusion method.  Low NH3 
concentrations in previous studies are a likely cause of high percentages of calcite 
precipitation by diffusing NH3 into Ca-CO3 containing solutions. 
2.4.2 Incorporation of ammonium into vaterite 
To study the specific mechanism of how ammonia promotes vaterite formation 
and to what degree it is present in the grown carbonate, FTIR analysis was used to detect 
the existence and estimate the amount of the incorporated ammonia in the bulk of vaterite 
and calcite. 
The FTIR results demonstrate that vaterite, but not calcite, incorporates NH4+ as 
evidenced by characteristic NH4+ stretching peaks that only appear in the FTIR spectra of 
vaterite.  Peaks characteristic for NH4+ are located in two regions of the IR spectra, one 
around 1400 to 1430 cm-1 corresponding to the bending in NH4+, and another one around 
3150-3400 cm-1corresponding to N-H stretching in NH4+ [27, 30].  Since the NH4+-
bending peaks overlap with strong carbonate stretching peaks, the stretching peaks 
around 3150-3400 cm-1 are used to estimate the concentration of ammonium.  The FTIR 
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patterns shown in Figure 2.7 reveal the existence of NH4+ in vaterite, but not in calcite 
crystals. 
In addition to the confirmation of the existence of ammonium in the vaterite 
structure, the amount of ammonium in the lattice was roughly estimated.  Because no 
calibration for ammonium in vaterite is available (and vaterite crystals are not oriented), 
ammonium concentration quantification in biotite calibrated using unpolarized IR spectra 
by Busigny et al. [27] was used to estimate semi-quantitatively the ammonium content in 
vaterite.  This calibration is based on the linear correlation between the NH4+ 
content/crystal thickness and the absorbance, and there is no need for accurate thickness 
measurements.  The Busigny method works best for host minerals 50 to 150 µm thick.  
Figure 2.3 C2 shows that the vaterite grains are about 50-60 µm thick and hence qualify 
for this method.  In Eq. (7) of Busigny et al. [30]: 
 [𝑁𝐻4+](ppm) =  2 × 1044.3 × 𝐀𝟏𝟎𝟖𝟔−𝐀𝟐𝟑𝟔𝟕𝐀𝟑𝟑𝟖𝟒−𝐀𝟐𝟑𝟔𝟕 − 320, (2.10) 
A1086, A3384, and A2367 are absorbances corresponding to wavenumbers 1086 cm-1 (CO32- 
vibration), 3384 cm-1 (NH4+ stretching), and 2367 cm-1 (spectrum baseline), respectively.  
Because the NH4+ bending peak at 1430 cm-1 used in the Busigny paper overlaps with 
carbonate stretching peaks, we chose the absorbance of NH4+ stretching vibration ν3 to 
bridge the concentration of NH4+ in vaterite instead.  Since the absorbance at 3384 cm-1 is 
roughly half of the one at 1430 cm-1 in Busigny et al. [30], a factor ‘2’ has been 
multiplied to correct for this peak sensitivity.  All 35 FTIR patterns have been analyzed 
this way and the calculated ammonium concentrations per unit thickness range from 0.06 
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wt% to 0.10 wt% in vaterite, which is consistent with the result of total nitrogen analysis 
in this study that the ammonium concentration is lower than 1.3 wt%. 
The uncertainty in the above semi-quantitative results is unknown, since the 
crystal structure, composition, and properties of vaterite are different from those of 
biotite.  Nonetheless, linear molar absorptivities do not vary significantly from one phase 
to another.  For example, linear molar absorptivities based on unpolarized IR spectra for 
O-H basic stretching are 8.8 L/(mol·mm) for rhyolite glass [41], 6.1 L/(mol·mm) for 
basalt glass [42], and 9.7 L/(mol·mm) for garnet [43], varying within a factor of 2.  
Another source of error may be due to the variable orientation of vaterite flakes in FTIR 
analyses.  The SEM images reveal that many vaterite (001) flakes were not perpendicular 
to the IR beam.  Nonetheless, our results indicate that ammonium is present in vaterite at 
a concentration of the order 0.1 wt%. 
One reason for why NH4+ may not incorporate into the calcite lattice is that the 
ionic radius difference between NH4+ (1.50 Å) [44] and Ca2+ (1.00 Å) is larger than 15 % 
[45], which causes strain when substituting NH4+ for Ca2+.  However, to some extent, it is 
possible for NH4+ to enter the vaterite structure, since vaterite (2.54 g/cm3) is less dense 
than calcite (2.71 g/cm3) and more disordered [46], especially in terms of carbonate 
orientation (Wang and Becker, 2009), which makes the vaterite structure more tolerant to 
accept the additive entries.  In addition, in calcite, Ca2+ is octahedrally coordinated by O 
atoms at a distances of 0.236 nm, whereas in vaterite, Ca2+ is coordinated by eight O 
atoms (six O atoms at distances of about 0.23–0.25 nm and two O atoms at 0.29–0.31 
nm) [47].  This implies a larger site of Ca2+ in vaterite and the ability of vaterite to 
incorporate larger cations, such as NH4+, than calcite.  If one NH4+ substitutes for one 
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Ca2+ in vaterite, to complement the expansion in size, one H+ may bond to one CO32- 
forming HCO3-, which is in turn smaller than the carbonate anion [45, 48].  Feng et al.[49] 
did observe HCO3- substitutions in both synthesized and natural calcite, and reported that 
HCO3- may balance local charge and accommodate local structure deformation near 
defects.  Based on the discussions above, it is reasonable to suggest that the following 
coupled substitution may occur in vaterite: NH4+ + HCO3-  Ca2+ + CO32-.  This minor 
substitution of ammonium may reduce the Gibbs free energy of vaterite and hence favor 
vaterite formation [36].  This hypothesis is being tested using molecular simulations that 
will be discussed in an upcoming paper.  Alternatively, the presence of NH3 and NH4+ 
may kinetically inhibit calcite growth and promote vaterite growth. 
Observations on vaterite transformation to calcite indicate that the further supply 
of NH3 gas has little influence on the stability of vaterite after vaterite matures.  After the 
precipitates matured, the Petri dishes (containing solution and crystals) were either 
located in the chamber filled with NH3 gas or in a chamber filled with pure N2 gas (2 m3).  
The stabilities of vaterite in the growth solution in both environments were almost the 
same.  For the Petri dish (55 ml) placed in the sealed container filled with pure N2, the 
ratio of ammonia released to the air as against the original dissolved ammonia in the 
solution could be obtained also through Henry’s law (Eq. 2.4).  The number of moles of 
ammonia in the gas phase (n) can be described by Eqs. (2.5) and (2.6), where V is the 
volume of the sealed container (2 m3), V’ is the total volume of salt solution in the Petri 
dishes (55 ml), and n’ is the number of moles of NH3 maintaining in the liquid phase. 
Combining Eqs. (2.4), (2.5), and (2.6), it is obtained that 96.0% of the ammonia 
originally in solution would escape into the surrounding N2 within hours in the case 
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where the Petri dishes were placed in a sealed container with N2 gas (see discussion 
before on the time needed).  This means that the solution cannot serve as a reservoir for 
ammonium adsorption to the surface any more.  The fact that this reduction of dissolved 
ammonia did not affect the stability of vaterite indicates that the stability of grown 
vaterite may be not affected by the ammonia gas supply any more, but was affected by 
the incorporated ammonium in the vaterite lattice, or the N-species interacting with 
vaterite surfaces in the solution if the adsorption coefficient is high. 
2.4.3 Substrate effects on polymorph selection 
In addition to dissolved ammonia, the results listed in Table 2.1 show that the 
growth substrates are also capable of selecting polymorphs.  While the ammonia content 
is the crucial factor, the growth substrate is a secondary one.  In the presence of 
ammonia, a higher percentage of vaterite is grown in plastic Petri dishes compared to 
glass Petri dish substrates.  Without ammonia, only calcite grows in either type of vessel.  
The fact that we find higher proportions of vaterite in the plastic (polystyrene) dishes is in 
agreement with Rieke [50] who reported that glass surfaces favor calcite while 
polystyrene surfaces favor vaterite growth.  The fact that polymorphic compositions are 
significantly different on different substrates in the presence of ammonia implies that the 
ammonia-induced vaterite nucleates heterogeneously, since if ammonia promotes vaterite 
to nucleate directly from the liquid through the interactions with soluble species, the 
vaterite proportion of the precipitates would not notably vary with the substrates.  It is not 
clear why polystyrene favors vaterite precipitation.  One possible explanation may be that 
compared to glass, polystyrene adsorbs more ammonia which increases the local 
concentration of ammonia on the substrate surface and hence strengthens the ability of 
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ammonia to induce vaterite.  Another possible reason may be that the surface of 
polystyrene absorbed with NH4+ reduces the interfacial energy of nucleation faces of 
vaterite. 
The confirmed capability of ammonia to induce vaterite formation brings forward 
a serious problem when using the NH3 diffusion method for the exclusive production of 
calcite.  When using the ammonia diffusion method, high percentages of calcite only 
form at low NH3 diffusion rates.  This was confirmed by the results of the experiments 
with different diffusion rates of ammonia.  This indicates that NH3 only promotes vaterite 
formation when the NH3 concentration exceeds a certain minimum value in the growth 
solution before CaCO3 matures (higher than 0.02 mol/L in this study).  The production 
rate of ammonia is highly sensitive to slight changes in the amount and the exposure area 
of the applied NH4HCO3 powders and to how hydrated the NH4HCO3 powders are.  
Therefore, when using the NH3 diffusion method to grow calcium carbonate, the NH3 gas 
itself has an influence on the selection of polymorphs, in addition to other environmental 
factors (pH, ionic strength, supersaturation etc.) and additives in solution, such as organic 
templates and growth modifiers that are discussed more often in the literature [25, 51-53].  
This finding suggests that the NH3 supply rate needs to be strictly limited to eliminate the 
influence of NH3 as a growth modifier. 
2.5 Conclusions 
This study confirms the ability of ammonium/ammonia to promote the formation 
of vaterite over calcite.  Ammonia/ammonium-induced vaterite displays flaky crystal 
layers with a hexagonal morphology.  This study also shows that, in the presence of 
ammonia, the organic template, polystyrene, is more conducive to vaterite formation than 
40 
 
glass substrates under comparable conditions.  More importantly, this study emphasizes 
the synergistic influence of the combination of the growth substrate and additives in 
solution.  Based on the results of this study, changes in growth morphologies cannot only 
be attributed to organic additives or templates.  Inorganic components in the growth 
solution, e.g., ammonia when supplied by the NH3 diffusion method and growth 
substrates from the reaction container or suspended materials may be equally powerful in 
promoting certain growth polymorphs.  Thus, experiments have to be carefully designed 
to understand (and, if necessary, eliminate) the roles of ammonium and the substrate, 
especially if these are not growth modifiers to be studied.  Otherwise, it may be 
impossible to tell whether the studied factors, such as organic additives, are the real 
causes that select vaterite over calcite. 
FTIR results demonstrate that ammonium is incorporated into the vaterite lattice, 
but the substitution of ammonium is limited, on the order of 0.1 wt%.  The analysis of the 
transformation of vaterite to calcite implies that, after vaterite matures, further supply of 
NH3 gas has little influence on the stability of vaterite.  The ammonium incorporated in 
the vaterite lattice, or the already-adsorbed N-species (if its adsorption coefficient is high) 
on the vaterite surface in the salt solution, might play the role of stabilizing the vaterite 
for a relatively long time, more than thirteen days. 
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CHAPTER THREE 
GROWTH PROCESS AND CRYSTALLOGRAPHIC 
PROPERTIES OF AMMONIA-INDUCED VATERITE  
 
Abstract: Metastable vaterite crystals were produced by increasing the pH and 
consequently the saturation states of Ca2+- and CO32+-containing solutions using an 
ammonia diffusion method.  SEM and TEM analyses indicate that vaterite grains 
produced in such a way are polycrystalline aggregates with a final morphology that has a 
6-fold-symmetry.  The primary structure develops within an hour and is an almost 
spherical assemblage of nanoparticles (5-10 nm) with random orientation, followed by 
the formation of hexagonal platelets (1-2 µm), which are first composed of nanoparticles 
and that develop more and more into single crystals.  As determined using transmission 
electron microscopy, these hexagonal crystallites are terminated by (001) surfaces and are 
bounded by {110} edges.  These hexagonal crystals subsequently stack to form the 
“petals” (20 µm wide, 1 µm thick) of the final “flower-like” vaterite morphologies.  The 
large flakes gradually tilt towards the center as growth progresses so their positions 
become more and more vertical, which eventually leads to a depression in the center. 
Since this sequence encompasses a number of morphologies observed in previous 
studies (spheres, hexagons, flowers etc.), they may actually represent different stages of 
this growth sequence rather than equilibrium morphologies for certain growth conditions.
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3.1 Background 
Calcium carbonate (CaCO3) occurs widely on the Earth’s surface and represents 
the largest geochemical reservoir for carbon [1, 2].  There are three major polymorphs of 
CaCO3, calcite, aragonite, and vaterite.  Vaterite, the least thermodynamically stable 
polymorph of CaCO3, has been of great interest because its crystallization is strongly 
associated with biogenic activities.  For example, vaterite occurrences are widely 
documented in carbonate mineralization mediated by soil bacteria [3, 4], in fresh-water 
cultured pearls from mussels [5], as well as in inorganic tissues like gallstones and human 
heart valves [6, 7].  In addition, vaterite can be an important precursor for other 
polymorphs, especially calcite, in biomineralization processes.  In industrial settings, 
vaterite has been used extensively as a stabilizer in suspension polymerization, as 
material for regenerative medicine applications, and as an encapsulating substance 
suitable for pharmaceutical applications [8, 9].  Elucidating the vaterite growth 
mechanism and structure characteristics will expand our knowledge on how organisms 
control carbonate morphologies and polymorph selections and may improve the 
engineering applications of vaterite as an industrial material. 
Various experimental conditions have been reported to promote vaterite synthesis.  
Facilitating factors include high supersaturation with respect to CaCO3 [10-15], the 
presence of certain organic additives and organic templates [16-26] or inorganic additives 
(e.g., NH3) [27, 28], and high pH [29].  Different methods render different characteristics 
for vaterite crystallization, such as growth kinetics and crystal stability, among which the 
morphology may be the most uncertain one because it displays a great deal of variety.  
The most intensively reported morphology is the spherical shape [30, 31].  Many others, 
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such as fried-egg shape, flower-like shape, and hexagonal flake shape are also frequently 
observed [19, 27, 32].  However, how these morphologies develop, what the texture of 
the resultant crystals is, and what the different shapes have in common, remains to be 
addressed.  In this study, the crystallographic characteristics and growth process of a 
flower-like vaterite, induced by the ammonia diffusion method, are investigated to shed 
light on the different stages of the crystallization mechanism of vaterite. 
3.2 Experimental procedure 
CaCO3 crystals were cultivated using an ammonia diffusion method [4] in a 
closed container of 33 liters at ambient conditions.  Nine open plastic Petri dishes, each 
containing 45 mL of 0.002 M CaCl2-NaHCO3 salt solutions, and one beaker, containing 
fresh NH4HCO3 powder, were placed in the container.  The original pH of the salt 
solution was adjusted to 3.4 by adding 10% HCl such that initially, all Ca and carbonate 
species are in solution.  Subsequent decomposition of NH4HCO3 in separate containers 
produced NH3 gas, which diffused into the CaCl2-NaHCO3 salt solution, increasing the 
solution pH and, hence, the supersaturation with respect to CaCO3. 
Preliminary tests show the availability ammonia strongly influences the 
polymorph composition of the precipitates.  The optimal condition for a high percentage 
of vaterite crystallization was determined by running a series of parallel experiments of 
different ammonia diffusion rates by varying the amount and exposure area of the 
NH4HCO3 powder.  It was found that nearly 100% vaterite yield (confirmed by both 
optical microscopy and using a Scintag X1 X-ray diffractometer) can be achieved using 
two 100 mL beakers each containing 25 g fresh NH4HCO3 powder.  The pH of the salt 
solution increases from the original value, 3.4, to the final one, 9.6, within an hour.  The 
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supersaturations of the solution at the final pH with respect to all three polymorphs, 
calcite, aragonite and vaterite were 1.855, 1.717, and 1.289, respectively (calculated 
using MINTEQ version 2.51 [33], where the supersaturation state β is defined as 
 
   (3.1) 
where a(Ca2+) and a(CO32-) are the activities of Ca2+ and CO32-, respectively.  Control 
experiments were conducted to examine the role of NH3 on vaterite formation.  This was 
done by adjusting the solution pH by adding NaOH instead of diffusing ammonia while 
maintaining the same rate of pH increase over the course of the experiment.  It was found 
that calcite was the dominant phase in the control runs, indicating the ability of ammonia 
to promote vaterite formation. 
Harvested vaterite crystals from each experimental run were dried and gold 
coated, and subsequently analyzed using field-emission-gun scanning electron 
microscopy (SEM, Hitachi S3200N).  Specifically, crystals were collected every 30 
minutes in the first four hours after the salt solution reached the final pH and every two 
hours thereafter until the crystals matured (in 16 hours).  The development of the vaterite 
morphology was also observed using in situ optical microscopy every two hours 
throughout the growth process. 
 
The crystallographic properties of vaterite in the initial (within first hour) and 
final (after 16 hours) stages were studied using transmission electron microscopy (TEM).  
Fine powder samples of vaterite were placed onto a holey carbon grid and analyzed using 
a JEOL 2010F instrument operating at 200 kV with minimized electron current density to 
avoid ionization.  The chemical composition (CaCO3) was confirmed by using energy-
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dispersive spectroscopy.  Bright and dark field imaging was used to study the 
morphology in details.  The diffraction patterns and high-resolution TEM images were 
used to examine the crystal structures. 
 
3.3 Results 
3.3.1 Effect of NH4+/NH3 on vaterite formation 
While calcite was the dominant phase in the control runs where NaOH was used 
to adjust pH, vaterite was nearly the only polymorphic phase in the ammonia diffusion 
experiments (Fig. 3.1).  The NH3 diffusion method is typically used to prepare calcite 
crystals; however, our work shows that the existence of NH3 will greatly influence the 
initial polymorph composition of the precipitates.  High percentages of calcite are only 
formed at low NH3 diffusion rates, while vaterite becomes the major component when 
NH3 diffuses fast and reaches certain concentrations (higher than 0.02 mol/L in this study) 
in the growth solution before CaCO3 matures.  More details on this topic are discussed in 
Hu et al. (in rev.). 
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Figure 3.1 XRD results confirm that the precipitates are nearly pure vaterite in the experiential runs 
applied NH3 diffusion method  of high evaporation rate of NH3 (A).  In contrast, calcite is the dominant 
phase in the control runs absent of NH3 but applying dilute NaOH to increase pH (B). Numbers in 
parentheses indicate the Miller indices, and C and V denote calcite and vaterite, respectively.  
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3.3.2 Evolution of crystal morphologies over time 
SEM images (Fig. 3.2) of vaterite morphologies at different growth stages 
illustrate a dramatic change of shape over time.  Quasi-spherical crystals about 2 µm in 
diameter were observed after the first hour (Fig. 3.2 A), followed by the development of 
thin horizontal slabs branching out from the spheres within the next 30 min, transforming 
the original grain into a roughly hexagonal plate about 10 µm in diameter (Fig. 3.2 B).  
Continuous growth of the slabs after that, with the ones at the peripheral area growing 
faster than the ones in the central region of the plate, causes the newly emerged layers to 
tilt progressively toward the center, resulting in a three-dimensional (3D) morphology 
with a pit in the center (Fig. 3.2 D).  The grain reaches the size of about 20 µm in 
diameter after 4 hours, and about 60 µm after 16 hours when it fully matures.  At the final 
stage, the vaterite grain displays flaky crystal layers with a 6-fold symmetry (Fig. 3.2 E).  
The leaves that formed last stand almost vertical surrounding the depression in the center 
(Fig. 3.2 E, shown with higher magnification in Fig. 3.2 F). 
3.3.3 Evolution from growth unit assemblage to final morphology 
For the spherical vaterite grains grown in the first hour, bright and dark field 
images taken of the same area illustrate that the crystals are composed of randomly 
oriented nanoparticles that show no clearly defined shape (Fig. 3.3 A and 3.3 B).  The 
corresponding high-resolution TEM image (Fig. 3.3 C) reveals the discontinuity between 
the structure of individual nano-crystals (5 nm).  The fast Fourier transformation pattern 
of the high-resolution TEM image demonstrates a polycrystalline texture and confirms 
the crystal structure as vaterite. 
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Figure 3.2 SEM images displaying the crystallization of vaterite grain as a function of time. 
The labels on the right corner of each image, indicate after how many hours the crystals were 
harvested, measured from the time the salt solution reached its final pH.   
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Figure 3.3 Bright (A) and dark (B) field TEM images, showing the vaterite nanocrystalline 
structure lack of uniform orientations forming at the first hour after the solution pH reaching the 
maximum value.  C: corresponding high resolution TEM image.  D: corresponding high 
resolution TEM image after the 10-minute electron beam bombardment, displaying a high 
resistance of nanocrystalline vaterite to the ionizing irradiation of the electron beam. 
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In contrast, the more mature grains collected at later stages possess a more 
distinctive texture.  Low-magnification SEM images show that the vaterite grains are 
composed of large flakes, each about 10-20 µm in diameter (Fig. 3.4 B).  High-
magnification SEM and TEM images reveal that individual large flakes are formed by 
numerous small hexagonal platelets, each about 1 µm in diameter (Fig. 3.4 C, 3.3 D, and 
3.5D).  The corresponding diffraction patterns of the high-magnification TEM image 
demonstrate that the small hexagonal platelets are single crystals of vaterite with basal 
(001) faces and hexagonal boundaries parallel to {110}.  A periodic arrangement of 
atoms of the hexagonal crystallites is revealed by the high-resolution TEM image shown 
in Figure (3.6 C), displaying long-range order of atoms on the vaterite (001) surface. 
Although the matured vaterite possesses a secondary structure made of hexagonal 
platelets, the individual plates do not seem to be single crystals but rather assemblies of 
nanoparticles of about 5-10 nm in diameter (Fig. 3.2 F, Fig. 3.5), similar to the particle 
sizes on the spherical vaterite grains formed within the first hour.  A series of high-
magnification SEM images (Fig. 3.5) corresponding to the images in Figure 3.2 shows 
how the vaterite crystals grow through the re-organization of the nano-clusters.  In the 
first hour, the vaterite grain is a spherical ball composed of randomly positioned/oriented 
nanoparticles.  In the next three hours, the nanoparticles start to align themselves to form 
hexagonal pieces, but the hexagonal shape is not well developed as the boundaries are 
jagged, only showing blunt angles around 120° between two sides.  After four hours, the 
hexagonal shape becomes increasingly clear and the edges become more and more 
straight.  In the final stage, these hexagonal pieces have well developed, with perfectly 
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straight boundaries and the nanoparticles that are the original building blocks are tightly 
packed.   
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Figure 3.4 A and B: Vaterite grain is composed of large flakes (10-20 µm).  C and D: Each large flake 
is composed of numerous small hexagonal pieces (1 µm).  
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Figure 3.5 A series of high magnification SEM images of the vaterite as a function of time 
(note the constant scale bar).    
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Figure 3.6  A and B: low and high magnification TEM images show the layered structure of 
vaterite and the unit bricks that are small hexagonal pieces of 1 µm. C: a high resolution TEM 
image shows atomic lattices of vaterite along [001], revealing an ordered arrangement of 
atoms. D: corresponding diffraction pattern along vaterite [001], demonstrating the hexagonal 
pieces shown in B terminates at {110}.  
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Meanwhile, the roughly spherical cores of the vaterite crystals preserve the disordered 
array of composing nanoparticles (Fig. 3.5), indicating a lack of dissolution and re-
crystallization after the initial nucleation. 
An interesting phenomenon is that aggregates of nanoparticles formed in the early 
stage show an unusually high resistance to the ionizing irradiation of electron beam from 
TEM.  CaCO3 in general is vulnerable to high temperature and electron bombardment.  In 
this study, after an irradiation at a fluence of 1.25 – 2.5⋅1012 electrons/cm2, both single 
crystals of calcite (20-30 µm) or grown vaterite layers of crystalline structure (1-2 µm) 
begin to decompose.  However, the nanocrystalline vaterite stays stable even after an 
irradiation at a fluence of 1.12⋅1014 electrons/cm2.  The high-resolution TEM image (Fig. 
3.3 D) displaying the crystallinity of nanoparticulate vaterite demonstrates that it is 
almost intact in comparison to the original one before the irradiation with 1.12⋅1014 
electrons/cm2 (Fig. 3.3 C). 
It is interesting to note that in the TEM diffraction pattern (Fig. 3.6 D), starting 
from the third nearest circle (i.e., (400) spots) to the transmitted spot (in the center), two 
separate spots can be detected at each location of the diffraction spot.  The double-spot 
phenomenon is not clearly resolved in the first two circles close to the transmitted spot 
due to the high intensities of the lower-order diffraction spots.  The distances between the 
two split spots increase with the distance from the center (as illustrated).  The contrasted 
color of the high-resolution TEM image (Fig. 3.6 B) demonstrates that the area where the 
diffraction pattern was taken (as illustrated) locates two small hexagonal pieces.  
Therefore, the TEM diffraction pattern actually depicts the crystallographic structures of 
two crystallites, which illustrates two phenomena: 1) these two hexagonal platelets have 
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the same structure, since the two sets of patterns are identical, and 2) the two 
crystallographic orientations diverge a little bit from each other because one diffraction 
pattern is rotated slightly with respect to the other. 
 
3.4 Discussion 
3.4.1 The hierarchical structure and the development of vaterite grains 
SEM images show that the texture of grown vaterite in this study possesses a 
hierarchy of four levels.  SEM analysis (Fig. 3.2 E and F) reveals that each grown vaterite 
grain is a 3D structure of 6-fold symmetry, like a flower of six petals.  The primary 
structure is the basic level of this hierarchy and is the assemblage of nanoparticles (5-10 
nm).  The secondary structure is the next “level up” from the primary structure and is the 
stacking of hexagonal platelets (1-2 µm) which are initially composed of nanoparticles.  
These hexagonal pieces are single crystals.  They grow together epitaxially and hence 
possess similar orientations.  The tertiary structure is the arrangement of large stacked 
platelets (20 µm wide, 1 µm thick), which are built up by small hexagonal pieces, thus 
forming the six “petals” of the flower-like grain.  The large flakes gradually tilt towards 
the center as growth progresses so their positions become vertical, which eventually 
forms a depression in the center.  This quaternary structure is the last level of vaterite 
growth, referring to the 6-fold arrangement of six petals. 
3.4.2 The building blocks of vaterite grains: nanoparticles 
Therefore, we hypothesize that these nanoparticles (5-10 nm) are the building 
blocks of vaterite grains and that vaterite crystallization is a process of assemblage of 
these nano-clusters.  Nanoparticles aggregate randomly in the first hour but line up later 
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along specific crystallographic orientations.  To verify this hypothesis, SEM and TEM 
images of vaterite in high magnification were analyzed throughout the growth process. 
Given the structure characteristics of vaterite in different growth stages revealed 
by SEM and TEM analysis (Fig. 3.3, Fig. 3.5), the nanoparticle (5-10 nm) may be the 
building unit of vaterite grains.  The way that nanoparticles stack determines the overall 
shape of the vaterite grain.  As vaterite develops, the way nanoparticles are stacked 
becomes increasingly crystallographically oriented, resulting in a phase change from 
poorly crystalline to crystalline.  In the early stage (the first hour), clusters compact 
together with random orientations, forming a sphere about a couple of microns in 
diameter.  This may be due to the high supersaturation that results in a high driving force 
for CaCO3 nucleation.  This phase with random aggregation of nanoparticles, similar to 
an amorphous phase, is not the most energetically favorable one due to interfacial strain.  
Therefore, as the crystals precipitate, the supersaturation status decreases and the 
subsequently formed nanoparticles tend to connect to each other in a crystallographically 
orientated way, which is thermodynamically more stable than random attachment.  This 
process results in the development of single crystals (small hexagonal pieces) with an 
increasingly smooth surface and sharp boundaries.  However, the loosely ordered sphere 
forming in the early stage stays to be an aggregation of nanoparticles, not dissolving and 
re-crystallizing into a more ordered phase thereafter.  Figure 3.7, taken after the vaterite 
grain matured, reveals that those nanoparticles still keep their random orientation in the 
core area, indicating the core is disordered as well.  The model of vaterite growth is 
illustrated in Figure 3.8. 
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This oriented attachment occurring after the initial stage of crystallization is a 
common growth mechanism for nanocrystals (also found in ZnS and TiO2, anatase [34, 
35]) reducing the overall crystal energy by removing the high energy surfaces. 
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Figure 3.7 SEM image of a grain of vaterite upside down (left), showing the flat faces attaching 
to the Petri dish.  In the center is the core area forming in the first two hours.  The high 
magnification SEM image of the core (right), showing the irregular texture and the aggregation of 
nano-particles of random orientations.  
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Figure 3.8 Schematic demonstrating the development of the 6-fold flower-like vaterite grain.   
The 2-D morphology of vaterite grain changes from spherical to hexagonal shape.  The 
arrangement of the building blocks, nanoparticles, becomes increasingly ordered.  See text for 
details. 
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Figure 3.9 Dislocation occurring during the oriented attachments of crystallization.  
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Our observations described above reveal a fundamental difference between the 
growth mode of calcite and vaterite.  A plethora of studies convincingly document the 
layer-by-layer growth mechanism for calcite crystallization.  In particular, in situ imaging 
techniques such as atomic force microscopy show that the edges of the monolayer calcite 
remain smooth and maintains strong directionality during growth [36-42].  This suggests 
that the growth of calcite is in fact an ion-by-ion mechanism where the adsorption to an 
existing kink is highly favored with respect to the generation of a new kink.  This implies 
that growth is highly favored to be spiral growth and the kink (or the continuous filling of 
the kink that travels around the spiral) leads to a layer-by-layer mechanism.  For vaterite 
growth, however, the data show there is no such highly organized molecular attachment 
scheme.  Instead, solute particles form clusters of certain sizes which then coagulate to 
propagate the lattice.   
Thermodynamic suggest that the growth of vaterite is likely more entropically 
favored (in comparison with the growth of calcite) as the clusters at the moment of initial 
coagulation are randomly oriented.  This further suggests that the crystallization of 
vaterite is probably a kinetically limited process as random aggregation of molecular 
clusters does not significantly lower the free energy of the system, whereas the growth of 
calcite is controlled more strongly by thermodynamics because oriented and simultaneous 
attachment of a group of molecules keeps the system’s energy gain at the minimum. 
The changes of the interior structures of vaterite in different growth stages may 
explain why the electron-beam resistance of vaterite varies from early to final growth 
stage.  Compared to the fast thermal-decomposition of matured crystalline vaterite and 
calcite under the electron beam,[43, 44] our TEM studies show that nano-crystalline 
67 
 
vaterite displays much higher resistance to the ionizing irradiation.  Similar phenomena 
were also discovered in other materials (Au, MgGa2O4, TiNi alloy) where particles with 
smaller particle size (< 20 nm) are more irradiation resistant than the larger-grained 
powders [45].  This may be because the aggregations of smaller-size materials contain 
more crystallite boundaries, where irradiation-induced defects annihilate more easily.  
Due to the small size of nanoparticles, defects generated by irradiation within the 
particles are easy to diffuse to the nanoparticle margins and annihilate there [46, 47].  In 
contrast, defects in larger particles have a stronger tendency to accumulate in the bulk, 
leading to radiation-induced decomposition, disorder, and amorphization [45, 48-50]. 
3.4.3 Dislocations caused by the stacking of nanoparticles 
Having the nanoparticles, instead of atoms, as the building blocks may explain 
why vaterite grains contain a large number of dislocations.  While crystal growth from 
single ions allows for the ordered attachment that leads to the formation of single crystals, 
the aggregation of larger units such as nanoparticles tends to lead to the formation of 
grain boundaries that typically do not match epitaxially.  Therefore, distortions will occur 
at the interface to compensate for the mismatch, as also previously reported by Penn and 
Banfield [35].  This theory explains the common occurrence of dislocations in vaterite, as 
observed in crystal flakes (Fig. 3.9) and the offset between two overlapping hexagonal 
platelets, as revealed by the TEM diffraction pattern shown in Figure 3.5 D. 
The aggregation from nanoparticles, rather than ions, and the resulting 
mismatching grain boundaries may also inhibit single crystals to grow.  The size of the 
vaterite single crystals (hexagonal platelets), 1-2 µm, is probably the threshold, larger 
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than which the expansion of the continuously regular order of atoms is most likely to be 
interrupted. 
3.4.4 Building blocks and growth path of vaterite grains of distinguished 
morphologies 
Another interesting discovery is that the various vaterite shapes at different 
growth stages in this study are representatives of the distinctive morphologies that have 
been reported, such as small spheres [16, 30, 31], plates [27, 51], and layered flower-like 
morphologies [19, 32].  In addition to the similarities of reported shapes with the shapes 
at different growth stages in this study, the respective sizes of crystallites with specific 
morphologies reported in the literature are also similar to the sizes of the corresponding 
crystallites of different growth stages reported here.  Specifically, most of the spherical 
balls are about a couple of microns, the plates are on the order of 20 µm, and the flower-
like structures are 50 –100 µm in diameter. 
Another unifying feature of the previously reported vaterite (as long as the 
published images are clear enough to reveal details at the sub-micron scale) and the ones 
shown in this study is that they are composed of nano-size clusters, independent of the 
crystal growth method and independent of the resulting vaterite morphologies.  No matter 
if vaterite formation was induced by polymers [10, 14, 21, 24, 52], amino acids [15, 53], 
urea [54], bacteria [3], just from highly-supersaturated inorganic solutions [55], or by 
increasing pH [56], the vaterite surfaces are all rough and exhibit an appearance of an 
aggregation of nanoparticles.  The reason for why vaterite fails to develop by growing 
continuously to form atomically flat faces but by assemblage of nanoparticles may be 
because the crystal structure of vaterite is disordered at short range.  Kamhi [57] and 
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Wang and Becker [58] reported that the planar carbonate groups in vaterite may not have 
fixed positions but tend to randomly distribute over three orientations (the vectors normal 
to the carbonate plains are perpendicular to the c-axis and there is a 120° angle between 
these normal vectors).  The uncertainty of carbonate-group orientation leads to 
inconsistent arrangements of atoms at the short range, which can easily result in other 
defects and structure mismatches, and hence interrupts the continuous growth of well-
ordered larger single crystals of vaterite. 
3.5 Conclusions 
This paper reveals the development and the change of morphology and orientation 
in different growth stages of vaterite, which was cultivated by the ammonia diffusion 
method.  The observations inspire the hypothesis that the nanoparticles are the common 
building blocks of most vaterite morphologies.  In addition, various morphologies of 
vaterite may be just intermediate stages of same growth process, which is an assemblage 
of nanoparticles in an increasingly organized way.  A small spheroidal structure 
(typically less than ten microns in diameter) is the initial stage of this process, composed 
of nanoparticles of random orientations.  The hexagonal plate (≈20 µm) is the 
intermediate stage.  The 6-fold flaky flower-like grain (larger than 50 microns) is the 
final stage, displaying a crystalline structure assembled by ordered nanoparticles.  Due to 
the limitation caused by the growth environment, vaterite is not always able to develop 
into the final stage.  For example, decreasing supersaturation, templates, growth 
inhibitors, and other factors can prevent vaterite from growing further.  The morphology 
developed at a particular stage may be the ultimate shape that vaterite develops under a 
specific condition.  The fact that the final growth stage is often a flower-like morphology 
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with six “leaves” is likely not to be a result of the hexagonal crystal structure of vaterite 
because the composing crystallites have more or less random orientation towards each 
other.  We consider it more likely that this is the result of diffusion-limited growth as in 
the more macroscopic growth of snowflakes. 
Imperfect assemblage of nano-clusters may inhibit single crystals of vaterite to 
expand to a larger scale and may produce a high density of dislocations inside of vaterite.  
The nano-crystalline vaterite forming in the early stage has a high resistance to electron 
bombardment of electron beam under the TEM characterization. 
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CHAPTER FOUR 
TEMPLATED NUCLEATION OF CALCITE IMPOSED BY 
MHA AND MUA SELF-ASSEMBLED MONOLAYERS 
 
ABSTRACT: Self-assembled monolayers (SAMs) made of alkanethiol molecules 
have been frequently used as a simple model to reproduce the function of natural 
templates.  Although a mechanistic understanding of templating requires knowledge of 
the thermodynamic and kinetic barriers, no experimental work has been done to quantify 
these factors.  Moreover, the importance of indirect nucleation pathways via amorphous 
precursors during templating remains unresolved.  This study uses the relation between 
supersaturation and the nucleation rate to determine the interfacial energies between 
template-directed calcite nuclei and 16-mercaptohexadecanoic acid (MHA) and 11-
mercaptoundecanoic acid (MUA) SAMs.  Whether the nucleation occurs via the 
amorphous phase is also investigated.  The results reveal that (1) MHA and MUA both 
significantly reduce the effective surface energy of calcite from about 97 mJ/m2 in 
solution to about 45.3±2.9 and 47.2±2.4 mJ/m2 on MHA and MUA, respectively, 
demonstrating that the bias towards nucleation on these films with (01x) orientations of 
calcite (such as (012) and (013)) is caused by reduction of the free energy barrier to 
nucleation, which is a thermodynamic driver; and (2) at solute activities below the 
solubility limit of amorphous calcium carbonate, or slightly above this limit, calcite forms 
directly.
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4.1 Background 
The need for carbon sequestration becomes increasingly significant with the 
growing threat of global warming.  With CO2 storage in underground geological settings 
to be one of the leading strategies to address this challenge, controlling and enhancing 
CaCO3 deposition will take center stage in the coming decades [1].  Organic templates in 
living systems are believed to have strong effects on CaCO3 precipitation, especially on 
its morphology, crystallographic orientation, and precipitation rate [2-7].  Due to the 
presence of microbial colonies, organic films are likely to be present in shallow to 
moderately deep reservoirs.  Moreover, organic molecules that mimic proteins associated 
with carbonate mineralization and enhanced calcite growth rates are being considered as 
potential additives in sequestration environments (Chung et al., 2011).  This suggests that 
efforts must be made towards a solid understanding of how organic substrates affect 
carbonate crystallization. 
Due to the extreme complexities of real organic systems, in order to obtain a solid 
understanding of the bio-influence, a simple model of SAMs has been frequently used to 
reproduce the function of organic templates [9, 10].  In particular, SAMs made of 
alkanethiol molecules have demonstrated to effectively induce highly-oriented nucleation 
of calcite [9, 11-13]. 
A thorough understanding of the SAM-calcite system requires an accurate 
assessment of kinetic and thermodynamic origins of this effect, such as the nucleation 
energy barriers to calcite formation as determined by the interfacial energies between 
calcite nuclei and the SAMs. 
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However, no work has been done to estimate the interfacial energy.  This study 
uses a unique method to evaluate the effective interfacial energy (α), by considering the 
dependence of the nucleation rate (Jn) on the supersaturation (σ) of the salt solution.  σ is 
defined as ln(𝑎�Ca2+�⋅𝑎(CO32−)
Ksp
) where 𝑎(Ca2+) and 𝑎(CO32−) are the activities of Ca2+ 
and CO32-, respectively. 
The relation between α, Jn, and σ is derived from the first thermodynamic law 
that states when the nucleation takes place, the free energy change (positive) is the 
difference between the free energy per molecule of the bulk (∆𝑔𝑏) and that of the surface 
(∆𝑔𝑠): 
 ∆𝒈 = ∆𝒈𝒃 + ∆𝒈𝒔   (4.1) 
When the driving force, varying with supersaturation (σ), overcomes the 
maximum value of ∆g, nucleation could happen, and the corresponding rate is the 
nucleation rate Jn.  For heterogeneous nucleation, such as calcite nucleating on SAMs, 
there are two interfacial energies to consider, one between the crystal and solution, and 
the other between the crystal and the substrate, which could be written as: 
 ∆𝑔 =  −  𝑉
Ω
∆µ +  𝐴𝑏(𝛼𝑠𝑐  −  𝛼𝑙𝑠) + As𝛼𝑙𝑐    (4.2) 
where V is the volume of the nucleus, Ω is, in this case, the volume of one formula unit of 
CaCO3 (i.e., the molar volume of calcite divided by Avogadro’s number), ∆µ is the 
chemical potential of the crystallizing species, Ab is the contact area between the nuclei 
and the substrates, AS is the contact area between the substrate and the liquid, the 
subscripts “sc”, “lc”, and “ls” refer to substrate-crystal, liquid-crystal, and liquid-
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substrate, respectively.  ∆µ = kBT lnσ where kB is the Boltzmann constant and T is 
temperature.  If we assume, for simplicity, that the nucleus is a hemisphere of radius r, 
we have: 
 ∆𝑔 =  −  23𝜋𝑟3
Ω
𝑘𝐵𝑇ln𝜎 +   𝜋𝑟2(2𝛼𝑙𝑐  +  𝛼𝑠𝑐  −  𝛼𝑙𝑠).  (4.3) 
This equation shows that the driving force, or the nucleation rate, depends the 
differences of interfacial energies the crystalline/liquid and crystalline/substrate 
interfaces.  ∆𝑔 reaches its maximum when 𝑑∆𝑔
𝑑𝑟
= 0, in which case the value of r is known 
as the critical radius, rc, given by: 
 𝑟𝑐 = 𝛺(2𝛼𝑙𝑐+ 𝛼𝑠𝑐− 𝛼𝑙𝑠)𝑘𝐵𝑇𝜎 .  (4.4) 
The solution will crystallize eventually if supersaturated, but the probability of 
nuclei forming within a certain time range varies with supersaturation state.  If there is a 
nucleation barrier, the maximum value of ∆g determines the kinetics of nucleation, and 
by combining Eqns. (4.3) and (4.4), ∆g can be expressed as: 
 ∆𝑔 = 163 𝜋𝛼′3𝛺2(𝑘𝐵𝑇𝜎)2 ,  (4.5) 
where 𝛼′ =  𝛼𝑙𝑐  + 𝛼𝑠𝑐 − 𝛼𝑙𝑠2 .  As with any kinetically-limited chemical process, the 
nucleation probability is proportional to the exponential of the barrier height (∆𝑔𝑛), 
which can be written as: 
 𝐽𝑛 = 𝐴exp (−∆𝑔𝑛kBT),  (4.6) 
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or: 
 𝐽𝑛 = 𝐴exp (−B α′3σ2 ),  (4.7) 
where A is a kinetic factor that governs nucleation frequency, B is a coefficient related to 
Ω, the value of kBT, and the morphology of the nuclei, 𝛼′  is the effective interfacial 
energy, and Ksp is the equilibrium solubility product. 
By rearranging the Eqn. (4.7): 
 ln (𝐽𝑛) = −Bα′3 1σ′2 + lnA,  (4.8) 
which shows that ln (𝐽𝑛) has a linear relationship with 1σ′2, and the effective interfacial 
energy (α’) can be obtained from the slope, −Bα′3.  
In order to obtain values for the interface energy, a series of solutions of different 
concentrations were prepared, measured the nucleation rates, and extracted the effective 
interfacial energy from the linear relationship in Eqn. (4.8).  
We selected two intensively studied SAMs to be analyzed: 16-
mercaptohexadecanoic acid (MHA) and 11-mercaptoundecanoic acid (MUA).  MHA and 
MUA are both -COOH terminated, but of different lengths of the carbon chain with 
MHA having 16-carbons and MUA 11.  MHA and MUA induce nucleation of calcite on 
the structurally distinct non-natural (012) and (013) faces, respectively [10], thus 
demonstrating the so-called odd/even effect of SAM templating.  These planes are easily 
differentiated from the normal calcite (104) plane, which helps to assess whether 
nucleation is controlled by the SAMs.   
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The nucleation pathway, either directly to the crystalline phase or via amorphous 
calcium carbonate (ACC) as a transient phase, is another topic of this study.  ACC plays a 
fundamental role in many CaCO3 formation processes.  For example, the isotropic nature 
of ACC allows it to be easily shaped in vesicles and aligned along certain directions to 
build up the organism [14].  It has been reported that growing sea urchin and bivalve 
larvae make ACC as a transient phase that transforms to crystalline calcium carbonate 
[15-19].  One ongoing debate is whether this strategy is widespread amongst organisms 
that form crystalline CaCO3.  More importantly, recent studies have argued that calcite 
always forms through this indirect pathway and does so through aggregation of pre-
existing amorphous clusters (Gebauer and Coelfen, 2008; Pouget et al., 2009).  However, 
both of these studies created solution conditions that were highly supersaturated with 
respect to ACC rather than most environmental conditions that result in supersaturation 
with respect to calcite, but not necessarily with respect to ACC.  Finally, a previous study 
that explicitly looked at the initial CaCO3 phase on alkyl thiol SAMs during 
mineralization by diffusing-in carbonate [20] reported that, indeed, a transient ACC 
phase formed prior to transformation into oriented calcite.  However, the supersaturation 
state in that experimental configuration could not be quantified.  In fact, among the many 
studies reporting ACC formation, most did not analyze the supersaturation of the salt 
solutions [12, 21-24].  For the studies mentioning the Ca2+ and CO32- concentrations used, 
the solutions are highly supersaturated with respect to ACC [25-27], with 
supersaturations with respect to ACC higher than 1.3 as calculated by MINTEQ [28].   
These observations raise the obvious question of whether transient ACC is a 
general precursor to calcite or whether its appearance requires supersaturations well in 
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excess of the ACC solubility limit.  This study analyzed nucleation over a range of 
supersaturations from well below the solubility limit of ACC to well above, to determine 
whether ACC formation requires a supersaturation above a certain threshold.  
4.2 Experimental procedure 
4.2.1 SAMs preparation 
 A 100 nm-thick film of Au (111) was deposited under high vacuum on a Si (100) 
wafer that was first coated with 5 nm Cr as an adhesion promoter.  The gold substrates 
were analyzed by AFM, which revealed a uniform and sufficiently flat film of gold 
particles about 1-2 nm in height.  The MHA and MUA monolayers on gold surfaces were 
carried out by immersing gold substrates for 24 to 30 hours into 2 mM MHA or MUA 
solutions of 95% ethanol and 5% acetic acid.  After removal from the ethanolic solutions, 
the gold substrates were thoroughly rinsed with the corresponding pure solvent, 5% 
acetic acid in ethanol, and then dried by flow of nitrogen gas.  SAMs were covered by DI 
water to eliminate potential oxidization and then instantly placed in the flow cell. 
4.2.2 Experimental setup and measurements 
The schematic image of the experimental setup is illustrated in Figure 4.1.  CaCl2 
was injected first and then mixed with NaHCO3 of equivalent concentrations to give a 
better controlled face-selective nucleation [29].  The mixed solution was channeled 
through the flow cell through tubing.  Different flow rates from 0.5 to 5 mL/min were 
tested, and it was found that CaCO3 nucleates faster as the flow rate increases from 0.5 to 
2 mL/min but does not change if the rate is higher since the supply exceeds the 
consummation of ions for crystal formation.  Therefore, the flow rate was set to 
2 mL/min, to yield nucleation rates independent of flow rate.  This ensured that the 
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nucleation was not limited by diffusion but was controlled by the nucleation reaction at 
the SAM surface.  Various lengths of tubing were applied for trail experiments for an 
appropriate value.  Tubing that was too short would fail to provide a thoroughly mixed of 
salt solution and hence less precipitates, whereas too long of a tubing would lead to 
precipitation occurring in the tubing and would hence provide less ions for nucleation in 
the fluid cell.  It turns out that under the same concentration, the tubing of around 38 cm 
length provided the highest number of nuclei in the fluid cell.  SAMs and bare gold 
substrates were placed upside down in the flow cell, to ensure only the heterogeneous 
nuclei were bound to the substrates.  The development of CaCO3 crystals on the SAMs 
was imaged in situ using an inverted optical microscope.  The large number of nuclei that 
occur in the working area (0.65⋅0.49 mm2) of the optical microscope bestows large data 
for statistical analysis.  Because the critical radius of a CaCO3 nucleus was well below 
the resolution limit of the optical system, the nuclei were too small to be observed by the 
optical microscope at the instant of formation, so we assume each nucleus develops into 
one crystal.  This assumption is reasonable because in our study the nucleation density is 
so low that the average distance between neighboring nuclei is longer than 10 µm, which 
is well in excess of the size at which the nuclei become visible.  Therefore, the rate of 
appearance of the crystals can be considered as the nucleation rate.  As we show below, 
the linear dependence between number of nuclei and time after the onset of nucleation 
validates this assumption.  For each concentration, the number of crystals in a fixed area 
was plotted vs. time, and the slope of the linearly increasing part of the curve was taken 
as the nucleation rate. 
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Table 4.1 Polymorph compositions of CaCO3 precipitates on MHA, MUA, bare gold, OH-terminated 
SAMs as studied by optical microscopy, SEM and Micro-Raman 
 
 20- 29mM  30mM  31-60mM  62.5mM  and higher 
supersaturation* 
–calcite**  
4.368—4.812  4.853  4.853—5.671  >5.720 
supersaturation – 
ACC**  
-0.437– 0.007  0.048  0.048—0.856 > 0.856  
phase-on MHA  calcite  calcite --  --  
phase-on MUA calcite calcite --  --  
phase-on bare 
gold/OH-
terminated SAM  
calcite  
+aragonite 
+vaterite  
calcite  calcite  ACC first, then 
calcite  
*supersaturation: 𝜎 =  log (𝑎�Ca2+�⋅𝑎(CO32−)
Ksp
) 
** 10-8.48 and 10-6.393 are used as solubility product  of calcite and ACC [8]. 
 
Figure 4.1 Schematic image of the experimental setup 
 
83 
 
A series of solutions of different concentrations were applied and three repeating 
runs were conducted for each concentration used in this study: 10 mM, 18 mM, 20 mM, 
21 mM, 22.5 mM, 24 mM, 25 mM, 26 mM, 27 mM, 28 mM, 29 mM, and 30 mM.  
Beyond this concentration range, we found that nucleation rates were either too fast or 
too slow to be successfully analyzed.  The activities of Ca2+ and CO32-, and 
supersaturation of calcite and ACC were calculated using MINTEQ [28] (Table 4.1).  The 
equilibrium solubility products (Ksp) of calcite and ACC were based on the values of 10-
8.48 and 10-6.393 [8]. 
Two methods were used to examine whether ACC forms as the precursor to 
calcite.  The first method involved centrifuging 50mL of 30 mM salt solution, collecting 
the CaCO3 precipitates from the solutions right after the incubation time and immediately 
dehydrating them using pure alcohol.  The phases of the precipitates were analyzed using 
a Micro-Raman technique.   
Considering that the lifetime of ACC might be too short to be preserved at low pH 
(lower than 8 in our study), and since ACC precursor phase is often observed at pH 
higher than 10 [25, 27], we used a second method to stabilize the ACC if it was in fact 
being produced.  We conducted crystallization at concentrations from 30 mM to 125 mM, 
using the experimental setup illustrated in Figure 4.1, but using OH-terminated SAMs of 
mercaptophenol (MP) on Au as the substrates.  Reactions were quenched by ethanol in 
the very early stage, after 2-3 minutes, and then the precipitates on the SAMs were 
immediately dried by N2 gas.  Alkanethiols terminated in OH- groups are reported to 
favor the formation of ACC but suppresses the nucleation of calcite (Aizenberg et al., 
2003), especially MP, which is able to stabilize ACC for a few hours [20].  Therefore, if 
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ACC did form on MP, it should be detected after the reaction was quenched in the first a 
couple of minutes.  The morphology of the precipitates was determined by both SEM and 
optical microscopy.  The polymorphic composition of the precipitates was analyzed using 
SEM and Micro-Raman.  The areal densities of precipitates on the SAMs, on bare gold, 
and on the walls of the quartz fluid cell were analyzed using the optical microscopy and 
SEM. 
4.3 Results and discussion  
4.3.1 Direct crystallization of calcite at low concentrations 
The saturation state with respect to ACC crosses over from being undersaturated 
to supersaturated at about 29 mM.  Since the supersaturation value σACC of ACC is 
negative when the concentration is less than 28 mM (σACC = - 0.035), while at 30 mM, it 
is slightly positive (σACC = +0.048).  Nonetheless, the development of ACC was not 
observed in 30 mM solutions in our study.  Precipitates collected right after the 
incubation time displayed three types of morphologies under the optical microscope: 
rhombohedron, sphere, and small dot (Fig. 4.2 A).  The corresponding Raman patterns of 
all three morphologies (Fig. 4.2 B) display characteristic calcite peaks: 154 cm-1, 284 cm-
1,710 cm-1 and 1084 cm-1 [30, 31].  However, the distinctive broad peak of ACC at 150-
300 cm-1 [14, 32] does not occur in any of the patterns.  Since the volume of the “dots” 
reaches the lower detection limit of Micro-Raman, its peaks are not as sharp as the ones 
from the other two morphologies.  (The 520 cm-1 peak is that of Si from silicon wafer.)  
The high-resolution SEM images (Figs. 4.2 C and D) further demonstrate that the 
“spheres” and “dots” observed in the optical images actually possess somewhat 
rhombohedral shapes, implying an underlying calcite structure.  
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Figure 4.2 Typical micro-Raman patterns demonstrate that the particles forming immediately 
after the incubation time of 30mM solutions are crystalized calcite. (A) optical microscope 
image of Micro-Raman showing different types of CaCO3 crystal particles collected on gold 1 
minute 15 seconds after mixing 30mM Ca-CO3 solutions, (B) corresponding Micro-Raman 
patterns analysis, (C) and (D) SEM images of different morphologies of CaCO3. 
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When the concentration is equal or higher than 62.5 mM (σACC = +0.397), ACC is 
identified by optical microscopy, SEM, and Micro-Raman (Fig. 4.3 C and D, Fig. 4.4).  
As was observed in the study of Lee et al., 2007, which created supersaturated conditions 
through diffusion-in of carbonate, the ACC formed a fairly uniform film in which calcite 
crystals nucleated and grew, creating a surrounding circular zone denuded of ACC.  In 
the solutions with concentrations between 30 mM to 60 mM, ACC was not detected.  
Neither the film of ACC nor the denuded zone that surrounds the crystals formed at 
62.5 mM or higher concentrations was observed under either the optical microscope or 
the SEM (Fig. 4.3 A and B).  In addition, Micro-Raman patterns did not display 
characteristic ACC peaks (data not shown here). 
The above results suggest that, in the range of pH used here (7-8.5), ACC does 
not form as a precursor to calcite in solutions that are undersaturated or slightly 
oversaturated with respect to ACC (σACC ≤ +0.866).  This phenomenon might be due to 
the kinetic barriers of ACC nucleation.  When supersaturation (σ) of ACC is very low, 
the energy barrier of nucleation, which is proportional to 1/σ2, would be sufficiently high 
to result in a tremendously low ACC nucleation probability [33].  Meanwhile, fast calcite 
nucleation consumes the Ca2+ and CO32- ions in solution that reduces the σ of ACC even 
more.  In addition, the formed crystallized calcite further destabilizes any amorphous 
phase forming temporarily. 
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Figure 4.3  Typical optical images of CaCO3 precipitates from the solutions of 60mM 
and 62.5 mM in the early stage on OH-terminated SAMs, mercaptophenol (MP).  At 
the concentrations equal or lower than 60 mM, only calcite was observed.  At the 
concentration of 62.5 mM or higher,  ACC is detected as a fairly uniform film in which 
calcite crystals nucleated and grew, creating a surrounding circular zone denuded of 
ACC. 
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Figure 4.4  (A) Micro-Raman patterns of amorphous and crystalline particles collected on gold 
two minutes after the reaction from the solution of 62.5 mM, (B) the corresponding optical 
microscope image of the Micro-Raman,  (C) and (D) SEM images displaying the uniform film of 
ACC and the circular zone denuded of ACC surrounding calcite crystal.  
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4.3.2 Crystal orientation and density 
Calcite precipitates on SAMs exhibit higher areal density and are of much higher 
uniformity in orientation as compared to their counterparts on bare gold and quartz 
cuvettes.  Most of the crystals that grow on quartz cuvette walls are rhombohedra 
exposing (104) faces.  On bare gold, calcite crystals express random faces.  In contrast, 
the >90% of the calcite crystals exhibit nucleation planes of (012) on MHA and (013) on 
MUA (Fig. 4.5 A and B).  Another interesting phenomenon is that on bare gold, the phase 
is not exclusively that of calcite, but also includes that of vaterite and aragonite, as 
confirmed by SEM and Micro-Raman (Fig. 4.5 C and 4.6).  This might be because the 
7.06 Å lattice spacing of gold (111) [34] does not match that of calcite (104) and hence 
does not induce its epitaxial growth.  Perhaps the planes of vaterite or aragonite make a 
better match and hence the interfacial energies are lower than that of calcite (104), 
allowing the other phases to develop. 
The precipitate densities on both gold and quartz cuvettes are dramatically lower 
than those on MHA and MUA, indicating these two SAMs promote nucleation relative to 
the other substrates.  To further discern the mechanism of template calcite nucleation by 
SAMs, their interfacial energies were evaluated. 
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Figure 4.5 Representative SEM images showing calcite crystals with specific orientations 
and different precipitation densities of precipitates on MHA, MUA, and bare gold.  The 
concentrations of the calcium carbonate solution in all three cases are 30 mM.  
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Figure 4.6 Characteristic SEM images and micro-Raman spectra display that on bare gold, 
calcite is not the only phase.  Aragonite and vaterite also form in solutions of 20-29 mM.  
Calcite becomes the dominant phase in the solution of concentrations equal or higher than 
30mM.  
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Figure 4.7 Aerial nucleation densities are obtained by counting nuclei in a given area in 
SEM images like the ones shown above.  Nucleation rates are then obtained by the 
change of the number of nuclei per area over time in the time range that obeys Eqn. 4, 
that is before saturation leads to a slow-down of nucleation.  
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During the initial induction period, the solution entering the fluid cell was clear.  
After some period of time, the formation of crystals in the fluid cell was observed.  At the 
same time, calcite crystals were observed to form on the MHA and MUA SAMs.  Subsequently, the number of the crystals per unit area increased linearly with time before reaching saturation.  The latter was a clear indication that the inter-crystal spacing had become small enough to inhibit nucleation in the intervening spaces, presumably due to overlap of diffusion fields.  The slope of the increase of crystal 
number with time in the linear region provided the nucleation rate Jn (Fig. 4.7).   
In this study, the start time was difficult to record precisely.  This was because, 
sometimes after the reaction began, a couple of bubbles which formed inside the tubing 
needed to be expelled before recording could begin.  Consequently, the first recorded 
image could be collected as much as 20 seconds after the real onsite time.  Nonetheless, 
the trend of higher concentrations leading to shorter induction times is clearly shown in 
Figs. 4.8 and 4.9. 
Faster nucleation rates and higher precipitate density were also observed in 
solutions with higher supersaturation (σ), and a negative linear correlation was found 
between ln(Jn) and 1/σ2, as expected from classical nucleation theory (Fig. 4.10).  
Nucleation rates measured for the MHA substrates were approximately 4× faster than 
those observed for MUA for cases where the nucleation rate was surface-promoted.  
However, the effective interfacial energies evaluated for the two SAMs had similar 
values (79.0 mJ/m2 and 82.3 mJ/m2 for MHA and MUA substrates, respectively).  To our 
knowledge, these are the first direct measurements of calcite nucleation rates on self-
assembled monolayer substrates and the first determinations of the interfacial energies of 
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these.   
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Figure 4.8 Nucleation events on MHA over time 
  
 
 
 
 
 
Figure 4.9 Nucleation events on MUA over time 
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We note that, in the process of learning how to make high-quality MUA films, the 
first results produced poor orientation control, although we still observed a few dominant 
orientations.  When the nucleation rates were measured and analyzed for these films, we 
again found an inverse linear dependence between ln(𝐽𝑛) and 1/σ2, but the value of the 
interfacial energy was distinctly larger.  This result shows that, indeed, the SAM itself 
plays a critical role in determining the interfacial energy and orientation control is tied to 
the degree to which it is minimized. 
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Figure 4.10 Plot showing the natural log of the nucleation rates on MHA and 
MUA versus the inverse square of supersaturation at room temperature.  In the 
surface-assisted nucleation regime, the slope of the trend line yields effective 
interfacial energies (α), which is directly proportional to the free energy of 
nucleus formation Δg.  
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The values of interfacial energies for the two SAMs are quite similar.  
Considering the experimental errors and statistical quality of the linear fits (R2=0.97 and 
0.98 for MHA and MUA, a further statistical analysis reveals that the error of the 
interfacial energies determined here is on the order of 2-3 mJ/m2), that there is not 
necessarily a quantifiable difference in the interfacial energy or consequent nucleation 
barrier for MHA and MUA.  Therefore, the different nucleation rates imposed by these 
odd vs. even SAMs are more likely led by kinetic drivers.  The kinetic variability which 
would affect the factor A might be due to (1) attachment and detachment of either ions or 
small clusters to and from the substrates, (2) rearrangement of clusters on the nuclei and 
substrates, and (3) differences in local pH and/or ion concentrations near nucleation sites 
due to the different densities of COO- functional groups.  A similar phenomenon has been 
reported by Wallace et al. [35], who found that NH3+/COO-- and COO--functionalized 
substrates gave similar slopes for ln(𝐽𝑛) and 1/σ2 but induced significantly different rates 
of SiO2 nucleation. 
The calculated effective interfacial energies between MHA/MUA and calcite are 
substantially lower than that between water and calcite on the most stable face (104) (97 
mJ/m2)[36].  This analysis provides a thermodynamic basis for the strong capacity of 
COOH- terminated SAMs to promote calcite mineralization in a quantitative way.  It also 
suggests a strategy for mineral trapping of CO2 sequestration based on the use of organic 
templates as media to accelerate the transformation from CO2 to carbonate.  This study 
may also help understand the dynamics of calcification widely occurring in calcifying 
organisms such as coral, oyster, mollusks, etc [37-40].  
A number of structural mechanisms for control of orientation and precipitation 
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rate of crystals by SAMs have been proposed.  A common one (1) is a match between the 
substrate and crystal lattices at the SAM-calcite interface.  It is suggested that there is a 
best geometric match between the patterns of ions adsorbed on the organic surface and 
those in the nucleating crystal plane, and hence a reduction in the barrier to nucleation on 
the preferred crystal planes.  This suggestion has been supported by both computational 
simulation and analysis of experimental studies [10, 41-43].  Another proposed 
mechanism (2) relies on a match of average charge/polarity density [44, 45].  One 
additional suggested mechanism (3) is that SAMs create a high local concentration near 
the surface.  Aizenberg et al. [46] reported that the polar carboxylic groups exposed on 
the surface of SAMs could manipulate the gradient of concentrations: they may induce 
the mass transport of ions to SAMs surfaces, and hence result in  faster nucleation rates.  
Because the results presented here show a clear correlation between interfacial energy 
and nucleation rate, they are consistent with the first two models, but do not support the 
third one. 
4.4 Conclusions  
The effective interfacial energy, which is the fundamental parameter governing 
nucleation, has been determined for calcite on SAMs for carboxyl- terminated SAMs of 
odd and even carbon chains by measuring the dependence of nucleation rate for solutions 
of various concentrations.  The results show that MHA and MUA enhance calcite 
nucleation rates relative to those on bare gold and quartz substrates and induce calcite to 
nucleate on (012) and (013) faces, respectively.  The evaluated effective interfacial 
energies are 79.0 mJ/m2 for MHA and 82.3 mJ/m2 for MUA.  These values are 
significantly lower than that of calcite in bulk solution (97 mJ/m2).  This calculation 
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provides direct evidence that MHA and MUA enhance calcite nucleation through 
reducing the thermodynamic barrier to nucleation.  Since the interfacial energies are 
almost the same for MHA and MUA, we have to conclude that the ~4-fold difference in 
nucleation rates for the two films are due to kinetic factors.  In addition, at solute 
activities below a supersaturation of 0.866 with respect to amorphous calcium carbonate, 
calcite forms directly and ACC does not represent a precursor phase. 
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CHAPTER FIVE 
CONCLUSIONS 
 
 
This thesis addresses how different factors affect the formation process and 
properties of CaCO3, the most common biogenetic mineral, in order to obtain a better 
understanding of biomineralization and industry applications of CaCO3 in general.  The 
results reveal that both inorganic additives (ammonium) and organic templates (SAMs) 
can control the polymorphism, morphology, and formation rate of CaCO3 precipitates.  
Ammonium is capable of promoting the formation of vaterite over calcite but only if its 
concentration in the growth solution is above a certain threshold.  The material of the 
reaction container, e.g., Petri dish, also affects the polymorph composition of CaCO3 
precipitates.  In the presence of ammonium, Petri dishes made of polystyrene promote the 
development of vaterite more than that of glass does.  This is one indication how the 
interplay between growth substrate and solution composition together influence the 
formation of specific polymorphs (neither ammonium nor polystyrene substrates alone 
result in a high yield of vaterite formation).  Therefore, when applying the NH3-diffusion 
method to form only calcite, the experiments have to be carefully designed to minimize 
the amount of ammonium, especially if the influence of other growth modifiers is studied.  
Otherwise, it may be difficult to differentiate the actual reason for the formation of 
vaterite, be it the presence of ammonium, or of other modifiers that were actually studied. 
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The results of this study indicate that it may be worth exploring whether ammonium 
plays a similar role in carbonate precipitation in nature, for example in soils with 
extensive protein decomposition and in or near plants that nitrifying bacteria frequently 
associate with.  In addition, the results imply that other species of ions comparable to 
ammonium might possess the same functions, e.g., potassium that has the same charge 
and similar ionic radius as ammonium. 
Vaterite was typically considered to develop various morphologies under different 
growth conditions.  The work presented here on the growth sequence, however, suggests 
that (1) vaterite grains are always polycrystals composed of nano-clusters and that (2) the 
numerous morphologies may be just intermediate stages of the same growth process, 
which is an assemblage of nano-clusters in an increasingly organized way.  Because of 
certain limitations caused by the growth environment, such as the change in 
supersaturation and growth inhibitor composition and concentration, vaterite is not 
always able to develop into the final stage, which in this case was typically a hexagonal 
flower-like array.  The imperfect assemblage of nano-clusters might be the reason for 
inhibiting single crystals of vaterite to expand to a larger scale and for causing a high 
dislocation density inside vaterite.  This study provides a method of vaterite design to 
have some control over specific morphologies and of different densities of dislocations, 
which lead to certain properties that can be important in specific industrial applications 
(e.g., cement and paper manufacturing). 
SAMs, a simple model of organic template, have proven to be able to control the 
nucleation rate and orientation of calcite precipitates.  Specifically, MHA and MUA 
enhance calcite nucleation on (012) and (013) faces, respectively, by minimizing the 
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interfacial energy.  However, the difference in nucleation rates between MHA and MUA 
are caused by kinetic factors.  This analysis provides a thermodynamic basis for the 
strong capacity of COOH- terminated SAMs to promote calcite mineralization in a 
quantitative way; specifically, these SAMs reduce the interface free energy by about a 
factor of two compared to the water-calcite interface.  This finding may aid in the design 
of optimized mineral trapping during CO2 sequestration that applies organic templates as 
media to accelerate the transformation from CO2 to carbonate.  Another significant 
discovery of this research is that amorphous calcium carbonate (ACC) does not always 
form as the precursor of crystallized CaCO3 phases on SAMs.  At solute activities below 
or slightly above the solubility limit of amorphous calcium carbonate, calcite forms 
directly.  This result may help understand the pathway of carbonate mineralization on 
organic matrices, for example, the calcification occurring widely in calcifying organisms 
such as corals, oysters, and mollusks. 
  
 
 
